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This research focuses on the selection, management, and genetic improvement of warm-
season perennial grasses grown for bioenergy production. Warm-season perennial grasses are of 
interest because of high biomass yields, low agronomic inputs, and great ecosystem services. 
First, the biomass production potential of native warm-season grasses monocultures and mixtures 
was evaluated in Illinois, Nebraska, and Iowa, U.S.A. field trials. At all locations, Kanlow 
switchgrass and Miscanthus × giganteus were the highest yielding species in monocultures, and 
mixtures including switchgrass and big bluestem exhibited the highest yield potential in 
mixtures. Our 6-year results suggest that grass mixtures did not produce more bioenergy 
feedstock than monocultures in Illinois and Nebraska. Next, digestate, a by-product of anaerobic 
digestion of sludge, and digestate plus biochar were evaluated as nutrient sources for warm-
season perennial grass energy crops. While these grasses have high N-use efficiency, N 
management is critical for sustainable biomass production, and it is important to identify 
environmentally friendly, economical nutrient sources. Our results indicate that increased 
biomass yield resulted from applying digestate and digestate plus biochar. Moreover, using 
digestate as a nutrient source may create economic opportunities and additional income for the 
anaerobic digestion industry. Finally, producing perennial energy feedstocks on marginal lands 
could reduce competition with food crops for higher quality soil settings, maximize producer 
resources through perennial bioenergy feedstock production, and have significant environmental 
benefits. Therefore, it is important to identify perennial energy feedstocks that can achieve a high 
yield potential when grown on marginal lands. Prairie cordgrass has exhibited significant 
tolerance to freezing temperatures, salinity and hypoxia and could be a potential candidate for a 
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bioenergy feedstock. We generated chromosome doubled prairie cordgrass to determine the 
effects of environmental adaptation on traits of agronomic interest. Our results suggest that the 
concentration of amitotic chemicals and exposure time were critical factors for inducing 
chromosome doubling in prairie cordgrass. In future breeding material, utilizing chromosome 
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As the demand for alternative, renewable energy sources increases, perennial warm-
season grasses have gained attention as second generation bioenergy feedstocks (Sanderson et 
al., 2006; Mitchell et al., 2016). Perennial warm-season grasses are known to have high rates of 
net photosynthesis, energy and labor savings, and reduced soil and nutrient losses, which make 
them more suitable for biofuel production when compared to annual crops (U.S.DOE, 2006). 
Two energy crops, switchgrass (Panicum virgatum L.) and Miscanthus × giganteus (Greef and 
Deu.) have been substantially recognized for bioenergy feedstocks because of their high yield 
potential. A wide range of studies has focused on the productivity of switchgrass and M. × 
giganteus, with advancements made in germplasm collection, genetic improvement, and 
desirable management practices (Vogel et al., 2014; Mitchell et al., 2016). Even though 
switchgrass and M. × giganteus produce high biomass across a broad environmental gradient, 
additional bioenergy feedstocks including native perennial grasses such as big bluestem 
(Andropogon gerardii Vitman), Indiangrass (Sorghastrum nutans [L.] Nash), and prairie 
cordgrass (Spartina pectinata Link) will likely contribute to future bioenergy production due to 
their biomass yield potential in environmental niches where switchgrass and M. × giganteus are 
not well adapted (Boe et al., 2013; Quinn et al., 2015). Considering environmental fluctuations, 
multiple species and cultivars are required for evaluation of their performances in specific 
environments across different agro-ecoregions (Gonzalez-Hernandez et al., 2009; Boe et al., 
2013).  
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Potential environmental variations in the future, including shifting temperature and 
precipitation patterns, can also significantly affect agricultural production and sustainability (Lin, 
2011; Quinn et al., 2015). Polycultures are the approach to enhance the resilience of crop 
production to traumatic environmental events (Yachi and Loreau, 1999; Elmqvist et al., 2003). 
Increased species diversity can elevate adaptability in agricultural systems and may lead to 
advantages for increased production and disease resistance (Zhu et al., 2000; Mitchell et al., 
2008). However, the relationship between productivity and species diversity is still open to 
dispute regarding bioenergy feedstock productivity because studies on monoculture and 
polyculture systems have been shown to be deficient in comparative evaluations under multi-
environmental conditions (Mitchell et al., 2011). Therefore, it is necessary to study the biomass 
production potential of native warm-season grasses in monocultures and polycultures across the 
environmental gradient.  
The economic viability of bioenergy feedstocks is regulated not only by increasing the 
biomass production but also by minimizing the level of inputs, especially fertilizer (Beale et al., 
1996). Nitrogen (N) is the primary limiting factor for biomass yield, and exogenous application 
of N fertilization is significantly associated with the cost of production (Vogel et al., 2002; 
Albaugh et al., 2012). Generally, C4 crops have higher N use efficiency than C3 crops (Long, 
1983) and hence demand lower N inputs (Beale et al., 1996). Even though warm-season 
perennial grasses exhibit high N use efficiency, N fertilization is required for sustainable biomass 
production.  
Anaerobic digestion (AD) produces digestates which have the potential to be used as 
fertilizer for crop production (Tambone et al., 2009; Möller and Müller T, 2012).  Recently, the 
integrated waste-to-energy and nutrient production system (IWENPS) was developed to produce 
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renewable natural gas and fertilizer-grade digestate for soil application as well as to reduce 
greenhouse gas emissions and waste volumes (Shen et al., 2015). Corn stover biochar was added 
in IWENPS to improve bio-methane quality, which results in producing biochar-amended 
digestate (Shen et al., 2015). The biochar-amended digestate derived from IWENPS has more 
nutrients including potassium, N, and phosphorous when compared to digestate (Shen et al., 
2015). If the biochar amended digestate is established for use in bioenergy crop production, 
additional income can be generated by the anaerobic digestion industry while reducing nutrient 
loads that can contaminate the natural waterbodies (Shen et al., 2015). Thus, it is beneficial to 
determine whether there is an advantage to applying the biochar-amended digestate in 
comparison to synthetic fertilizers with regards to bioenergy feedstock growth and feedstock 
composition. 
Marginal land is referred to as land which is not suitable to traditional row crops due to 
low crop productivity (FAO, 1997; Gelfand et al., 2013). Use of marginal lands for bioenergy 
production could mitigate greenhouse gas (GHG) emission, water quality degradation, and land-
use competition between bioenergy and food crops (Gelfand et al., 2013; Quinn et al., 2015). 
Hence, it is necessary to identify and develop bioenergy feedstocks that can maintain biomass 
production on marginal lands (Dale et al., 2011; Quinn et al., 2015). Prairie cordgrass has gained 
attention as a dedicated bioenergy crop grown on marginal lands (Cybulska et al., 2009; Kim et 
al., 2015; Quinn et al., 2015). Prairie cordgrass is adapted to areas that are too wet and 
inadequately aerated for switchgrass and big bluestem (Weaver, 1954). Prairie cordgrass begins 
growing earlier in the season compared to other tallgrass prairie dominants in northern latitudes, 
and is noticeably taller than switchgrass and big bluestem in areas where their habitats overlap 
(Weaver, 1954; Guo et al., 2015).  
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Prairie cordgrass is a polyploid species composed of three major cytotypes: tetraploids 
(2n=4x=40), hexaploids (2n=6x=60), and octoploids (2n=8x=80) (Marchant, 1963; Reeder, 
1977; Kim et al., 2010). Kim et al. (2012) found hexaploid prairie cordgrass populations 
alongside a stream bank in Illinois and considerable differences in plant morphological traits 
were observed between tetraploids and hexaploids. Increased ploidy level in prairie cordgrass 
results in morphological changes and better performance (Kim et al., 2012). Therefore, 
chromosome doubling of prairie cordgrass can be helpful for understanding the ploidy effect on 
agronomic traits and for utilization of the agronomic benefits of polyploidy. Moreover, 
generating a doubled tetraploid can potentially ease the hybridization with octoploids to 
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WARM-SEASON GRASS MONOCULTURES AND MIXTURES FOR SUSTAINABLE 




Perennial warm-season grasses are promising feedstocks for sustainable bioenergy 
production. In addition to yield potential, the role of species diversity on ecosystem services is 
growing in importance as we seek to develop sustainable bioenergy production systems. The 
objective of this study was to compare the biomass yield potential of the best commercially 
available germplasm of native warm-season grasses in monocultures/blends and mixtures of 
species across an environmental gradient in the Midwest, U.S.A. Warm-season grasses 
including switchgrass (Panicum virgatum L.), big bluestem (Andropogon gerardii Vitman), 
indiangrass (Sorghastrum nutans [L.] Nash), sideoats grama (Bouteloua curtipendula [Michx.] 
Torr.) and Miscanthus x giganteus (Greef and Deu.) were used as plant materials grown in 
monocultures/blends and mixtures. Biomass was annually harvested from 2010 through 2015 
for Urbana, IL and Mead, NE and only from 2010 through 2011 for Ames, IA. The effect of 
species in monocultures and mixtures/blends on biomass yields was significant for all locations. 
In monocultures/blends, the annual biomass yields over a 6-year period were 11.12 Mg ha-1 and 
10.98 Mg ha-1 at Urbana and Mead, respectively, while the annual biomass yield averaged over 
a 2-year period was 7.99 Mg ha-1 at Ames, IA.  
1Reprinted, with permission, from Moon-Sub Lee, Rob Mitchell, Emily Heaton, and D.K. Lee (2018) 
Warm-season grass monocultures and mixtures for sustainable bioenergy feedstock production in the 
Midwest, USA. BioEnergy Research 
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Also, the annual biomass yields averaged across different mixtures/blends each location were 
10.25 Mg ha-1, 9.88 Mg ha-1 and 7.64 Mg ha-1 at Urbana, Mead, and Ames, respectively. At all 
locations, M. × giganteus and Kanlow N1 produced the most biomass yield in monocultures, 
and mixtures containing switchgrass and big bluestem had the greatest mixture yield potential. 
Our multi-environment results suggest mixtures of different species provided no yield 
advantage over monocultures for bioenergy feedstocks in Illinois and Nebraska. However, 
variation in seasonal and annual precipitation may provide conditions that allow warm-season 
grass mixtures/blends to produce consistent biomass yield and confer resilience to 
environmental fluctuation. This experiment improves our understanding of the biomass 





As the need for alternative, renewable energy sources increases, lignocellulosic 
feedstocks for second-generation bioenergy have gained attention (Sanderson et al., 2006; 
Mitchell et al., 2016; Langholtz et al., 2016). Warm-season perennial grasses have been 
identified as potential bioenergy feedstocks due to high biomass yields, low inputs, and greater 
ecosystem services compared to annual crops (Moser et al., 2004; Mitchell et al., 2008; Mitchell 
et al., 2016). Additionally, perennial energy feedstocks grown on marginally productive 
croplands could minimize competition with food production, maximize producer resources 
through renovation of unproductive lands, and have significant environmental benefits (FAO 
1997; EISA, 2007; Porter et al., 2015). 
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Switchgrass (Panicum virgatum L.) and Miscanthus x giganteus (Greef and Deu.) have 
received considerable interest as bioenergy feedstocks due to their high yield potential. 
Numerous studies have reported on the productivity of switchgrass and M. x giganteus, with 
advancements made in germplasm improvement, cultivar development, and best management 
practices (Vogel et al., 2014; Mitchell et al., 2016). Although both species produce suitable 
yields across a broad environmental gradient, switchgrass and M. x giganteus may not grow well 
in all marginal lands such as poorly drained saline soils and coarse textured droughty soils across 
environmental gradients (Gonzalez-Hernandez et al., 2009; Boe et al., 2013; Quinn et al., 2015). 
In contrast, relatively little research has been conducted on big bluestem (Andropogon gerardii 
Vitman) and indiangrass (Sorghastrum nutans [L.] Nash), although they have comparable 
biomass yield potentials to switchgrass, as well as the potential to adapt to environmental niches 
where switchgrass and M. x giganteus are less productive (Mitchell and Vogel, 2004; Boe et al., 
2013; Quinn et al., 2015). Considering environmental variations, no ‘one-size-fits-all’ crop will 
be productive across all regions. Therefore, it is necessary to evaluate and enhance many species 
and cultivars for specific environments within different agro-ecoregions (Gonzalez- Hernandez 
et al., 2009; Bouton, 2010; Boe et al., 2013). 
Environmental fluctuations such as variable temperature and precipitation patterns can 
have significant impacts on agricultural production (Lin, 2011; Quinn et al., 2015). Such 
fluctuations may lead to changes in nutrient cycling, soil fertility, and shifts in the occurrence of 
plant diseases and pests, all of which could affect plant productivity and sustainability (Jones 
and Thornton, 2003; Chakraborty and Newton, 2011). One approach to increase the resilience 
of production systems to environmental change may be the adoption of polycultures (Yachi and 
Loreau, 1999; Elmqvist et al., 2003; Lin, 2011). Species diversity can enhance resilience in 
11  
agricultural systems and may provide advantages for disease resistance (Zhu et al., 2000; 
Mitchell et al., 2002), increased production (Tilman et al., 2006; Picasso et al, 2008), climate 
change resilience (Tengö and Belfrage, 2004), and expanded ecosystem services (Mitchell et al., 
2008).  
Biomass production is the primary factor influencing selection of monocultures or 
mixtures for bioenergy feedstock production (Jungers et al., 2015). However, there are still 
debates regarding the relationship between biomass production and species diversity. As 
mentioned above, Tilman et al. (2006) observed that the high diversity mixture produced more 
biomass than monocultures of the same species. Russelle et al. (2007) contradicted some of the 
arguments addressed by Tilman et al. (2006), specifically that (1) difficulties in establishment 
and maintenance of native prairie grasses grown in high diversity mixture were disregarded, and 
(2) the experiment was conducted at only one location and yet results were deduced for the 
entire planet. Schmer et al. (2008) reported that switchgrass monocultures managed for high 
yield showed 93% higher biomass production and equivalent net energy yield when compared 
to artificial prairie mixtures with low inputs. These discrepancies may be because both systems 
were deficient in multi-location comparative evaluations against other high yielding perennial 
monocultures (Mitchell et al., 2011). Therefore, the objective of this study was to compare the 
biomass production potential of the best commercially-available germplasms and experimental 
lines of native warm-season grasses in monocultures/blends and mixtures at three locations in 
the Midwest, U.S.A. Specifically, we addressed the questions: 1) Which species and cultivars 
produce the most biomass in monoculture at each site? 2) Which mixtures produce the most 




MATERIALS AND METHODS 
 
A study was conducted from 2009 to 2015 in Urbana, Illinois (40°04´04.0 ̋ N, 
88°11´43.7”W) on Flanagan silt loam (Fine, smectitic, mesic Aquic Argiudolls) soil and in 
Mead, Nebraska (40°10´3.08 ̋ N, 96°25´14.05 ̋ W) on Tomek silt loam (Fine, smectitic, mesic 
Pachic Argiudolls) soil and from 2009 to 2011 in Ames, Iowa (42°00' 43.9"N 93°44' 33.7"W) 
on Clarion loam (Fine-loamy, mixed, superactive, mesic Typic Hapludolls) soil. All soils at 
each location are considered as moderate to well drained soils with a slope of less 4% and major 
crops in all locations were corn and soybean until 2008. Warm-season grasses including big 
bluestem, indiangrass, switchgrass, sideoats grama (Bouteloua curtipendula [Michx.] Torr.), 
and M. × giganteus were planted as monocultures (n=10) and mixtures (n=18) (Table 4). The 
mixtures were developed based on US Dept. of Agriculture Plant Hardiness Zone (PHZ) 
adaptations and on the top yielding mixtures from previous research (Vogel et al., 1996; Vogel 
et al., 2006a and b; Vogel et al., 2010). ‘Bonanza’ big bluestem, ‘Scout’ indiangrass, and 
‘Shawnee’ switchgrass were used in mixtures for PHZ 4 and 5, while ‘Goldmine’ big bluestem, 
‘Warrior’ indiangrass, and Shawnee switchgrass were used in mixtures for PHZ 5 and 6. ‘Butte’ 
sideoats grama was used for both PHZs. We also included a two-cultivar blend for big bluestem 
and indiangrass and these two blends were considered as the monocultures. Bonanza and 
Goldmine were used in a big bluestem blend and Warrior and Scout were used in an indiangrass 
blend. An experimental lowland switchgrass, NE2K, a precursor to ‘Liberty’ (Vogel et al, 
2014), was used at all sites. The 28 monocultures and mixtures/blends were included in each 
location. 
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The experimental design was a randomized complete block design with four replications 
at each location, and blocks were separated by alleys (1.5 m). The entire plot area was tilled and 
packed to develop a firm seedbed prior to planting. The individual plots (1.5 m × 4.5 m) were 
seeded at the rate of 325 pure live seeds (PLS) m2 by drilling pre-weighed seeds with a plot drill 
in Urbana, IL (Great Plain Plot planter, Salina, KS, USA), in Mead, NE (Hege Inc., Waldenburg, 
Germany), and Ames, IA (Cole Planet JR, Cole Planter Co., GA, USA) in spring 2009. 
Quinclorac (Paramount®, (3, 7-dichloro-8-quinolinecarboxylic acid)) was applied at the rate of 
560 g ha-1 immediately after planting for pre-emergent weed control. Plots were fertilized with 
45 kg P ha-1 prior to planting and with 112 kg N ha-1 annually beginning in the second year. In 
spring 2010, stand frequency was measured to determine grass establishment success by 
following the method of Vogel and Masters (2001), while species composition was measured to 
estimate the change of species composition in monocultures and mixtures at the IL and NE sites 
in autumn 2016. 
From 2010 to 2016, biomass was harvested once annually after a killing frost with a 
biomass plot harvester (Cibus S, Wintersteiger, Salt Lake City, UT) in Urbana, IL and with a 
self-propelled forage flail chopper (Carter Manufacturing, Brookston, IN) in Mead, NE at a 
cutting height of 10 cm, while biomass was cut by hand in a harvest area (3.72 m2) per plot in 
Ames, IA in 2010 and 2011. Fresh plot weight was measured and a subsample was collected for 
moisture content calculation. Subsamples were dried in a forced-air oven at 55oC for 5 days to 
determine dry matter.  
Weather data from stations near Urbana, IL, Mead, NE, and Ames, IA were obtained 
from the Illinois State Water Survey, High Plains Regional Climate Data Center, and the Iowa 
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Environmental Mesonet, respectively. Precipitation and temperature records are shown in Table 
2 and Table 3 for each location for the duration of the study. 
Biomass yield data were analyzed in a mixed model analysis of variance using PROC 
MIXED and GLIMMIX procedures in SAS (SAS institute, Cary, NC). Monoculture and 
mixture treatments and year were considered as fixed effects, while block was considered to 
be random. Locations were analyzed separately due to interactions between location and 
treatments. Orthogonal contrast statements were used to compare mean biomass yields 
between a species and its 2- and 3-way mixtures using the PROC MIXED procedure in SAS. 
The coefficient of variance of biomass yield was calculated as the standard deviation (σ) 
divided by the mean (µ) × 100. To find the most critical month for each species and 
mixtures, the correlations between biomass yield and monthly precipitation were calculated 
for each location using the CORR procedure in SAS. All statistical significances were 




Weather during the experimental period included a record drought in 2012 (Table 2.1). 
Precipitation in June and July 2012 at Urbana was 57.9 and 15.5 mm, respectively, which was 
47% and 87% below the 30-year average. Precipitation in July and August of 2012 at Mead 
was 8.4 mm and 7.6 mm, which was 90% less than the 30-year average. At Ames, IA, the 
growing season precipitation during 2009 through 2011 did not deviate markedly from the 30-
year average, but there was short-term flooding in 2010 at the experimental area. 
The effect of species monoculture and mixture on biomass yield was significant in 
Urbana and Mead through a 6-year time period (Table 2.4). Similarly, the significant effect of 
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species monoculture and mixture was observed in Ames during a 2-year time period. The 
interaction between treatment × harvest year significantly affected biomass yield at Urbana and 
Mead, but not at Ames, while biomass yield was significantly influenced by harvest year at all 
locations (Table 2.4). The ratio of species composition in mixtures did not have significant 
impact on biomass yield (Table 2.5). Averaged across all locations, overall biomass yields were 
10.0 Mg ha-1 ranging from 4.98 Mg ha-1 to 17.89 Mg ha-1 in monocultures, whereas, in mixture, 
the annual biomass yields averaged across all locations were 9.25 Mg ha-1 varying from 4.60 
Mg ha-1 to 11.53 Mg ha-1. To put this in perspective, the annual biomass yields in monoculture 
were 11.12 Mg ha-1, 10.89 Mg ha-1, and 7.99 Mg ha-1, at Urbana, Mead, and Ames, respectively, 
while 10.25 Mg ha-1, 9.88 Mg ha-1, and 7.64 Mg ha-1 was harvested in mixture at Urbana, Mead, 
and Ames, respectively. Miscanthus × giganteus was the highest yielding grass grown in 
monoculture in all three locations across all years with an average annual yield of 17.12 Mg ha-
1, 17.89 Mg ha-1, and 13.45 Mg ha-1 at Urbana, Mead, and Ames, respectively. Kanlow N1, an 
experimental selection from ‘Kanlow’ switchgrass for improved winter survival at Mead, was 
the second highest yielding grass grown in monoculture with mean biomass yields of 13.86 Mg 
ha-1 at Urbana, 12.56 Mg ha-1 at Mead, and 9.13 Mg ha-1 at Ames. Other warm-season grasses 
and mixtures responded differently across all locations (Table 2.5).  
Coefficient of variance among monoculture and mixture was different depending upon 
locations (Table 2.7). Averaged across harvest years, coefficient of variance in monoculture was 
26%, 24%, and 21% at Urbana, Mead, and Ames, while coefficient of variance in mixture was 
28%, 20%, and 18% at Urbana, Mead, and Ames. There were no relationships between 
coefficient of variance and species richness at all locations (Figure 2.3). For big bluestem-based 
mixtures, the Bonanza two-way mixture had higher yields (P=0.0095) at Urbana, and also the 
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three-way mixture containing Bonanza, Scout, and Shawnee had greater yields (P <.0001) at 
Urbana when compared to a Bonanza monoculture, while only the three-way mixture had 
higher yields than a Bonanza monoculture (P=0.0470) at Mead (Table 2.4). However, the 
biomass yield of Goldmine in monoculture was less than the two-way mixture (P=0.0470) at 
Urbana, while it was not different from the three-way mixture combining Goldmine, Warrior, 
and Shawnee at Urbana and Mead (Table 2.4). In addition, regardless of big bluestem and 
indiangrass cultivar, mixtures of big bluestem and indiangrass with Shawnee were not different 
from the Shawnee monoculture at Urbana and Mead (Table 2.4). Similarly, big bluestem two-
way and three-way mixtures had higher yields than monoculture at Ames, IA, and biomass yield 
of big bluestem three-way mixtures was not different from the Shawnee monoculture at Ames, 
IA. 
Feedstock moisture content in the monocultures ranged from 17% to 32% at Urbana, 
whereas moisture content varied between 24% and 43% at Mead (Table 2.6). At both Urbana 
and Mead, M. × giganteus had the highest moisture content and Chief had the lowest compared 
to the other grasses across years. Grasses in monoculture had moisture levels ranging from 12% 
to 22% at Ames in 2010 and 2011. 
Biomass responded positively to precipitation (Figure 2.1), even though the seasonal 
period and amount of precipitation varied for species at both Urbana and Mead. At Urbana, the 
biomass yield for big bluestem was correlated with April-July precipitation, whereas no 
relationship was observed at Mead during the entire growing season. M. × giganteus biomass 
yield was generally correlated with the April-July precipitation at Urbana and Mead. 
Switchgrass and indiangrass biomass yield were not correlated with growing season 




Historically, warm-season perennial grasses have required two or more years to achieve 
full yield potential (Martin et al., 1982; Perrin et al., 2008; Parrish and Fike, 2009). To 
maximize profits, it is important to shorten the establishment phase to achieve full yield 
potential as quickly as possible. In the current experiment, grass monocultures and mixtures 
were successfully established and achieved full yield potential the year after planting (Table 
2.7). Our results indicated that warm-season grasses can be fully established in the planting year 
and full production could be achieved from the second year with good establishment practices 
including seed quality, seed bed preparation, and weed control. In monocultures, M. × 
giganteus and Kanlow N1 had greater yield than other species and cultivars at Urbana, Mead, 
and Ames. During this field study period, M. × giganteus and Kanlow N1 annually yielded 17 
Mg ha-1 and 13 Mg ha-1, respectively at Urbana and Mead. These results do not deviate from 
previous research (Heaton et al., 2004; Lee et al., 2017). On the other hand, Goldmine + 
Warrior + Shawnee (2:6:2) had greater biomass yields when compared to other mixtures at 
Urbana and Mead and yielded more than 10 Mg ha-1 which is higher than in the study of Hong 
et al. (2012) which reported aboveground biomass averaging 6 Mg ha-1 in the three-way 
mixture containing big bluestem, indiangrass, and switchgrass in the Northern Great Plains. 
Biomass moisture content is critical to effective storage and transport of herbaceous 
feedstocks because higher moisture content causes higher storage losses and transportation 
costs (Sosa et al., 2015). In our study, moisture levels were not dramatically different between 
monocultures and mixtures; it is noteworthy that relatively high moisture contents might result 
from weather conditions before harvesting. Recommended moisture content for storage is less 
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than 20% (Coblentz et al., 2000; Vogel., et al., 2011) and if moisture content of biomass is 
above 30%, harvested biomass should be windrowed to promote drying and ensure optimum 
moisture content for storage (Vogel et al., 2011). 
Grassland biomass production positively responds to mean annual precipitation (Paruelo 
et al., 1999) as precipitation is one of the most important factors impacting aboveground 
biomass production in terrestrial ecosystems (Kardol et al., 2010). In this present study, each 
warm-season grass responded differently to seasonal precipitation, cumulative precipitation 
from April – July, during growing seasons at Urbana and Mead (Figure 2.1). The productivity 
of M× giganteus was highly correlated with April and July precipitation at Urbana and Mead, 
respectively. This is in agreement with Heaton et al. (2004) and Richter et al. (2008) in showing 
that growing season (April-September) precipitation and soil moisture capability are critical 
factors for perennial grasses to produce their full biomass yield potential. Shiflet and Dietz 
(1974) indicated that May-July precipitation can be used as an indicator to estimate big 
bluestem production and Hong et al., (2012) found high correlation between ‘Bison’ big 
bluestem biomass yield and April-September precipitation in the northern Great Plains. 
Similarly, in our study, the biomass yield of big bluestem was highly correlated with growing 
season precipitation at Urbana and Mead. Specifically, the production of big bluestem was 
highly predictable in accordance with seasonal precipitation at Urbana and Mead; also, 250 mm 
precipitation or more in April-July was required to maintain biomass yields. . For switchgrass 
and indiangrass, biomass yield was not correlated with precipitation during the growing season 
at both locations. Our results indicated that switchgrass and indiangrass biomass yields did not 
significantly respond to seasonal precipitation as long as April-July precipitation is more than 
200 mm and 300 mm, respectively. Possible reasons of large variations in biomass yield were 
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decreasing of stand heath overtime (Figure 2.3) and favoring of specific precipitation patterns 
for switchgrass and indiangrass.  Since we did not experience the series of drought conditions in 
spring during the 6 years of the study, our results, non-linear responses, were different from the 
results, linear responses, by Lee and Boe (2005) who reported the importance of April-May 
precipitation was critical for switchgrass biomass yield when the precipitation was below the 
30-year average (125 mm) in central South Dakota. However, we also found that drought 
conditions in in early growth season, April-July, could have significant impacts on biomass 
yield. In the current study, biomass yields of indiangrass and big bluestem in Urbana and Mead 
were 35-47% and 11-39% below average when April -July precipitation was 50% and 30% 
below average in 2012, respectively. In two- and three-way mixtures of indiangrass, big 
bluestem, and switchgrass, no clear response to precipitation was observed. This may be 
because individual species within a mixture may respond differentially to water received during 
different times in the growing season, which results in no relationship between total biomass 
yield and precipitation in mixed species stands (Wang et al., 2010). 
According to Picasso et al. (2008), the relationship between biomass production and 
species diversity might be affected by the presence or absence of “driver” species which are 
defined as certain species from which most of the biomass yield is achieved either in 
monocultures or in mixtures. Hong et al. (2012) reported that switchgrass was the highest 
yielding species in monoculture when compared to indiangrass and big bluestem in the northern 
Great Plains, and also the biomass yield of switchgrass in monoculture was more similar to the 
two-way or three-way mixture combining indiangrass, big bluestem, and switchgrass than either 
big bluestem or indiangrass. Thus, yield was highest in monocultures and mixtures in which 
switchgrass was cultivated alone or as part of the mixtures (Hong et al., 2012). This was also 
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found in the current study. Bonanza mixtures containing Shawnee resulted in yields that were 
more similar to Shawnee monoculture rather than either Bonanza or Scout at Urbana, while a 
binary mixture of Bonanza and Scout produced a yield that was not significantly different from 
Scout (Table 2.4). However, there was no difference in biomass yields between Goldmine and 
two- or three-way mixtures at Urbana, and no significant difference in biomass yields was 
observed between big bluestem monoculture and mixtures at Mead, whether Bonanza was 
present or not (Table 2.4).  Since Bonanza produced the lowest yield at Urbana when compared 
to other cultivars, Scout and Shawnee as driver species seemed to compensate for the lack of 
productivity of Bonanza in either two- or three-way mixtures. Biomass yield of Goldmine was 
comparable to Warrior and Shawnee at Urbana, and thus biomass yield in mixtures did not 
increase by combining Warrior and Shawnee. Similarly, Bonanza and Goldmine produced 
comparable biomass yields to Scout, Warrior, and Shawnee at Mead, and biomass yield of big 
bluestem monoculture was not different from big bluestem two-way and three-way mixtures.  
Compatibility in two- and three-way mixtures, which indicates the ability of different 
species to survive and yield when planted together, was different depending on grass species 
(Table 2.8). Although indiangrass is one of the dominant warm-season perennial grasses in the 
tallgrass prairie (Weaver and Fitzpatrick 1935; McMillan 1959), the ratio of indiangrass 
declined in mixtures containing big bluestem or switchgrass (Springer et al., 2001; Hong et al., 
2012). In eastern Nebraska tallgrass prairies, big bluestem comprised 42-62% of the total 
herbaceous standing crop, while indiangrass comprised only 14-16% of the total herbaceous 
standing crop (Mitchell et al. 1996).  Mulkey et al. (2008) reported that switchgrass was 
compatible with big bluestem in South Dakota, and big bluestem was likely to be more 
competitive than switchgrass, while switchgrass out-performed big bluestem in a big bluestem-
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switchgrass mixture in Oklahoma (Springer et al., 2001). In addition, three-way mixtures, which 
were composed of big bluestem, indiangrass, and sideoats grama, produced lower biomass 
yields than other mixtures at Urbana, while big bluestem, indiangrass, and sideoats grama 
produced the yields comparable to other mixtures at Mead. This is because species composition 
change was observed in the three-way mixture at Urbana and Mead. As species compositions 
shifted after 6 years of establishment with harvest management, big bluestem was a dominant 
species in two-way mixture plots and big bluestem and switchgrass were dominant species in 
three-way mixture plots.  
The pattern of biomass production of individual species changed overtime during the 6 
years depending on stand age and environmental condition (Table2.7 and Figure 2.2). In this 
present study, the biomass yields of M. × giganteus and big bluestem did not decrease at 
Urbana or Mead, while switchgrass and indiangrass yields tended to decrease as the stands aged 
(Figure 2.2). The yield decline of switchgrass was observed in 2013 and 2014 at Mead 
following severe drought. The reason may have been due to combination of a water deficit and 
late frost, which caused damage to Kanlow N1 switchgrass. July-August of 2012 at Mead was 
the second driest year during 1887-2014. A lack of precipitation resulted in poor soil moisture 
content and soil moisture depletion in the root zone, which had impacts on the following year. 
Moreover, March of 2014 at Mead was the 5th driest month during 1887-2014 and frost damage 








The 6-years of field experiments improves our understanding of the biomass production 
potential of native warm-season grasses in monocultures and mixtures in the Midwest. At all 
locations, M. × giganteus and Kanlow N1 had the greatest yielding species in monocultures, 
and mixtures containing switchgrass and big bluestem provided the highest mixture yield 
potential. All warm-season species we tested in either monoculture or mixture conditions in this 
current study, consistently produced biomass as long as April-July precipitations were near or 
above average precipitation (300 mm) for the regions. Our 6-year field study results indicate 
mixtures provided no yield improvement over monocultures for bioenergy feedstocks in Illinois 
and Nebraska.  However, compatibility and seasonal precipitation should be considered when 
developing warm-season grass mixtures to produce consistent biomass yield, confer resilience 





















TABLES AND FIGURES 
 
 
Table 2.1 Precipitation conditions from 2009 to 2015 with 20-year average for Urbana, IL, 
Mead, NE, and Ames, IA. 
 
A) Urbana, IL 
Month 2009 2010 2011 2012 2013 2014 2015 20-year average 
Jan 17.3 31.5 16.8 80.5 65.3 40.6 36.3 52.1 
Feb 42.7 40.9 95.8 28.7 81.5 76.7 31.2 54.1 
March 66.5 73.9 34.5 41.4 33.8 35.3 43.2 72.6 
April 176.3 52.8 188.5 67.5 179.1 100.1 91.9 93.5 
May 145.0 86.6 125.2 79.0 95.0 111.3 154.2 124.2 
June 112.3 211.6 106.2 57.9 159.3 208.5 232.8 110.2 
July 159.8 95.3 40.1 15.5 89.7 221.0 107.2 119.4 
Aug 142.7 41.6 44.7 141.2 9.1 38.6 80.3 99.8 
Sep 20.3 81.3 69.3 145.0 9.7 87.4 163.6 79.5 
Oct 223.3 27.9 62.5 138.7 91.2 126.0 31.5 82.8 
Nov 99.6 98.0 119.9 27.2 39.1 61.5 112.0 93.5 
Dec 95.8 64.8 69.6 52.6 56.6 46.0 189.7 69.3 
 
B) Mead, NE 
Month 2009 2010 2011 2012 2013 2014 2015 20-year average 
Jan 9.7 20.8 27.2 4.1 18.5 6.1 23.1 16.3 
Feb 16.3 25.1 20.1 53.3 13.7 15.7 23.6 19.6 
March 4.6 45.0 16.8 22.6 53.8 3.3 19.6 49.0 
April 38.6 64.3 83.1 88.6 102.1 88.9 50.5 68.8 
May 29.7 94.0 152.4 76.2 214.4 133.6 276.9 109.0 
June 157.0 251.5 87.4 90.7 63.2 149.9 194.6 110.2 
July 46.7 148.1 39.4 8.4 25.4 13.0 60.7 86.4 
Aug 81.3 71.4 175.0 7.6 28.2 191.5 96.0 88.6 
Sep 31.8 94.7 33.8 43.9 50.5 175.0 125.2 76.7 
Oct 107.7 3.3 23.6 48.8 66.8 62.5 12.7 50.0 
Nov 2.5 50.0 42.2 3.81 31.0 11.9 50.3 36.3 









Table 2.1 (Cont.) 
C) Ames, IA 
Month 2009 2010 2011 20-year average 
Jan 24.1 29.7 17.8 24.6 
Feb 6.4 19.1 26.9 25.9 
March 103.4 52.6 20.1 50.3 
April 115.8 93.0 112.3 74.9 
May 96.0 92.5 117.3 104.6 
June 104.4 283.5 128.3 119.6 
July 69.9 171.2 99.1 98.8 
Aug 122.9 284.7 91.2 96.5 
Sep 24.4 166.9 51.3 94.0 
Oct 186.2 9.7 21.8 59.2 
Nov 35.1 56.6 69.1 45.0 


















Table 2.2 Average minimum and maximum air temperature at each location from 2009 to 2015 with 20-year average. 
 Urbana, IL   
 Average maximum (oC)  Average minimum (oC) 
Month 2009 2010 2011 2012 2013 2014 2015 20-year average 
 2009 2010 2011 2012 2013 2014 2015 20-year average 
Jan -4.1 -5.1 -3.7 3.3 1.3 -3.6 -1.6 -1.2  -13.9 -11.7 -11.7 -7.2 -8.8 -14.2 -10.3 -10.2 
Feb 3.1 -2.1 0.8 4.6 1.3 -4.2 -3.9 1.5  -7.3 -9.7 -7.3 -5.1 -7.3 -13.8 -14.4 -8.2 
March 10.9 10.3 9.0 17.8 3.8 5.8 6.9 8.3  -1.6 -0.6 -1.7 4.2 -3.0 -6.2 -4.2 -2.8 
April 14.4 19.7 16.2 17.2 14.3 16.1 16.5 15.4  3.4 5.9 4.3 4.1 2.6 3.6 4.4 3.4 
May 21.6 22.1 20.6 25.4 22.3 22.2 22.9 21.3  9.8 10.8 9.3 11.7 10.2 9.9 11.0 9.2 
June 27.5 27.3 26.8 27.8 26.0 26.4 25.7 26.4  16.4 16.9 15.5 13.6 14.3 15.8 15.4 14.9 
July 24.6 28.8 31.4 33.5 26.1 24.8 26.6 27.8  14.3 17.8 19.4 18.9 15.6 13.8 16.1 16.6 
Aug 25.3 29.7 29.4 29.0 27.3 26.4 26.4 27.1  14.1 17.1 15.9 14.4 15.0 16.3 14.5 15.6 
Sep 23.0 24.7 22.2 22.7 26.4 22.7 25.9 24.0  12.2 11.3 10.2 10.4 12.1 10.1 12.8 10.7 
Oct 12.8 19.2 18.4 14.6 17.2 15.7 18.0 16.8  3.6 4.6 4.2 3.6 4.7 5.0 5.5 4.2 
Nov 11.4 10.4 10.8 8.9 7.2 4.9 11.7 8.7  1.0 -2.4 0.8 -2.3 -3.6 -5.6 0.2 -1.7 
Dec 0.3 -3.1 4.4 4.9 -0.1 1.8 6.6 0.9  -7.7 -10.5 -3.8 -3.2 -9.4 -4.4 -0.9 -7.7 
                  
 Mead, NE          
Jan 0.9 -5.6 -3.7 4.7 0.5 0.4 3.3 0.2  -13.3 -13.4 -14.7 -10.2 -11.4 -14.6 -11.0 -11.8 
Feb 5.2 -2.6 2.0 3.5 3.1 -0.7 -0.8 2.8  -9.5 -11.2 -11.1 -8.3 -8.8 -13.2 -14.1 -9.4 
March 10.2 9.2 8.6 19.2 6.3 9.5 14.0 9.6  -4.6 -2.6 -3.7 3.0 -6.4 -7.1 -4.8 -3.9 
April 15.6 18.8 16.2 19.3 13.2 17.3 17.2 16.3  1.2 4.1 2.3 4.1 -0.9 2.4 3.9 2.1 
May 23.4 20.2 21.4 25.3 20.9 24.0 20.1 21.8  8.7 8.1 8.3 10.2 8.4 9.6 9.3 8.6 
June 26.5 27.8 27.2 29.4 26.7 27.9 27.7 27.3  14.9 15.7 14.9 15.2 13.9 15.3 15.1 14.4 
July 27.2 29.0 31.6 34.4 29.3 29.3 29.7 30.0  14.7 18.6 20.2 19.0 16.1 15.2 17.1 17.3 
Aug 27.5 30.9 28.4 30.2 28.8 28.7 28.0 28.8  14.0 16.9 16.6 13.4 16.8 16.9 15.1 16.0 
Sep 23.2 24.4 22.3 26.2 27.0 23.4 26.4 24.3  9.4 10.1 7.2 6.7 12.6 10.5 14.1 10.2 
Oct 11.5 20.3 19.6 15.5 16.6 18.7 19.4 17.1  0.9 2.3 3.2 0.7 2.0 3.7 5.2 3.1 
Nov 12.6 9.0 9.8 11.8 8.3 6.4 11.7 8.5  -2.6 -4.4 -4.3 -4.7 -6.4 -6.9 -0.7 -4.1 
Dec -3.6 0.3 3.1 2.5 -0.2 2.3 4.3 1.2  -13.5 -11.4 -9.5 -10.4 -14.0 -5.4 -5.8 -10.3 






Table 2.2 (Cont.) 
 Ames, IA   
 Average maximum (oC)  Average minimum (oC) 
Month 2009 2010 2011 20-year average 
 2009 2010 2011 20-year average 
Jan -6.0 -8.2 -6.1 -0.6  -16.8 -15.3 -15.7 -10.0 
Feb 1.7 -5.7 -0.9 2.2  -9.4 -14.9 -10.7 -7.2 
March 8.0 6.6 6.1 9.4  -3.7 -2.9 -4.2 -1.1 
April 13.9 18.7 14.0 16.7  0.8 5.3 1.7 5.0 
May 20.3 20.7 20.3 22.2  8.5 8.7 7.8 11.1 
June 24.5 26.1 25.3 27.8  13.8 15.1 14.8 16.7 
July 24.4 27.4 29.3 30.0  13.4 17.3 18.8 19.4 
Aug 24.6 28.1 26.5 28.9  13.8 17.0 15.4 18.3 
Sep 22.6 23.2 21.0 24.4  10.2 10.4 8.8 12.8 
Oct 10.7 19.6 18.5 17.2  1.7 3.6 3.8 6.1 
Nov 10.6 7.7 9.1 8.9  0.1 -3.1 -2.1 -0.6 











Table 2.3 The warm-season grass species and cultivars evaluated in the field experiment during 
2009-2015 at Urbana, IL, Mead, NE, and Ames, IA. 
 








Miscanthus × giganteus‡ MG 0 0 0 0 100 
Cave-In-Rock CIR 0 0 100 0 0 
Kanlow N1 KA 0 0 100 0 0 
NE2K NE2K 0 0 100 0 0 
Shawnee SH 0 0 100 0 0 
Bonanza BO 100 0 0 0 0 
Goldmine GO 100 0 0 0 0 
Chief CH 0 100 0 0 0 
Scout SC 0 100 0 0 0 
Warrior WA 0 100 0 0 0 
Bonanza/Goldmine BO+GO 100 0 0 0 0 






Bonanza/Scout BO+SC1 40 60 0 0 0 
Bonanza/Scout BO+SC2 50 50 0 0 0 
Bonanza/Scout BO+SC3 60 40 0 0 0 
Bonanza/Scout/Shawnee BO+SC+SH1 20 60 20 0 0 
Bonanza/Scout/Shawnee BO+SC+SH2 40 40 20 0 0 
Bonanza/Scout/Shawnee BO+SC+SH3 60 20 20 0 0 
Bonanza/Scout/Butte BO+SC+BU 40 20 0 20 0 
Goldmine/Warrior GO+WA1 40 60 0 0 0 
Goldmine/Warrior GO+WA2 50 50 0 0 0 
Goldmine/Warrior GO+WA3 60 40 0 0 0 
Goldmine/Warrior/Shawnee GO+WA+SH1 20 60 20 0 0 
Goldmine/Warrior/Shawnee GO+WA+SH2 40 40 20 0 0 
Goldmine/Warrior/Shawnee GO+WA+SH3 60 20 20 0 0 
Goldmine/Warrior/Butte GO+WA+BU 40 20 0 20 0 
Scout/Shawnee/Butte SC+SH+BU 0 40 20 20 0 
Warrior/Shawnee/Butte WA+SH+BU 0 40 20 20 0 
†BB, big bluestem; IN, indiangrass; SW, switchgrass; SO, sideoats grama.  













Table 2.4 Summary of ANOVA for biomass yields of warm-season grasses and mixtures, with 
significant effects indicated by P value, at Urbana, IL, Mead, NE, and Ames, IA. Species grown 
in monocultures and mixtures were considered treatments.  
 
Source of variation Urbana, IL Mead, NE Ames, IA‡ 
 ----------------------P > F----------------------- 
Treatment† <.0001 <.0001 <.0001 
Harvest Year <.0001 0.0011 0.0003 
Treatment x Harvest Year <.0001 0.0004 0.1874 
Contrast    
BO vs. BO+SC§ 0.0180 0.2883 0.0147 
BO vs. BO+SC+SH <.0001 0.2472 0.0004 
SH vs. BO+SC+SH 0.6191 0.8007 0.8593 
BO+SC vs. BO+SC+SH 0.0095 0.8901 0.0958 
BO+SC vs. BO+SC+BU 0.0006 0.3217 0.1682 
GO vs. GO+WA 0.0790 0.3770 0.0020 
GO vs. GO+WA+SH 0.1085 0.6661 0.0021 
SH vs. GO+WA+SH 0.6382 0.8049 0.0849 
GO+WA vs. GO+WA+SH 0.8260 0.5234 0.9813 
GO+WA vs. GO+WA+BU 0.0036 0.8197 0.0225 
†Biomass yield was averaged across species composition rates due to no differences among rates 
within each mixture, and analysis was tested at α =0.05. 
‡IA biomass yield data was collected in 2010 and 2011. 
§BO, Bonanza Big bluestem; BU, Butte Sideoats grama; GO, Goldmine Big bluestem; SC, Scout 























Table 2.5 Least squares means of biomass dry matter yields of warm-season grasses grown in 
monoculture and mixtures during 2010 to 2015 at Urbana, IL and Mead, NE and during 2010 to 
2011 at Ames, IA. 
 
Treatment % in mixture 
Biomass yield (Mg ha-1) 
Urbana, IL Mead, NE Ames, IA Mean 
 Miscanthus × giganteus  17.12a† 17.89a 13.45a 16.15 
 Cave-In-Rock  10.33cde 9.60b 7.14bcd 9.02 
 Kanlow N1  13.86b 12.56b 9.13b 11.85 
 NE2K  11.52bc 9.94b 6.99bcd 9.48 
 Shawnee  11.15cd 10.49b 7.43bcd 9.69 
 Bonanza  8.56de 8.87b 4.98cd 7.54 
 Goldmine  10.01cde 9.83b 6.43bcd 8.76 
 Chief  8.50de 9.14b 7.16bcd 8.27 
 Scout  9.75cde 10.89b 8.48b 9.71 
 Warrior  10.43cde 9.76b 8.71b 9.63 
 Bonanza/Goldmine 50/50 8.96cde 9.02b 4.60bcd 7.53 
 Bonanza/Scout 40/60 9.99cde 9.47b 6.97bcd 8.81 
 50/50 9.56cde 9.62b 6.52bcd 9.21 
 60/40 10.33cde 9.43b 6.67bcd 8.71 
 Bonanza/Scout/Shawnee 20/60/20 11.10cd 9.95b 7.64bcd 9.56 
 40/40/20 10.69cd 10.54b 8.14bc 9.79 
 60/20/20 10.85cd 10.24b 6.87bcd 9.32 
 Bonanza/Scout/Butte 40/20/40 7.93e 9.18b 5.75bcd 7.62 
 Goldmine/Warrior 40/60 10.73cd 10.21b 9.21b 10.77 
 50/50 11.53bc 9.83b 8.75b 10.04 
 60/40 10.67cd 9.88b 8.00bcd 9.52 
 oldmine/Warrior/Shawnee 20/60/20 11.28bc 10.88b 9.20b 10.45 
 40/40/20 10.90cd 9.98b 7.75bcd 9.54 
 60/20/20 10.50cde 9.70b 8.98b 9.79 
Goldmine/Warrior/Butte 40/20/40 9.35cde 10.47b 7.03bcd 8.95 
 Warrior/Scout 50/50 10.57cde 9.76b 9.39b 9.87 
 Scout/Shawnee/Butte 40/20/40 8.50de 10.27b 7.27bcd 8.68 
 Warrior/Shawnee/Butte 40/20/40 11.00cd 9.53b 8.70b 9.74 













Table 2.6 Biomass moisture content of warm-season grasses grown in monoculture during 2010 
to 2015 at Urbana, IL and Mead, NE and during 2010 to 2011 at Ames, IA. Moisture content was 
measured at harvest after a killing frost each year. 
 
a) Urbana, IL 
 Moisture content (g kg-1) 
Species 2010 2011 2012 2013 2014 2015 Mean 
M. × giganteus 29.4 39.5 33.0 33.6 34.1 21.9 31.9 
Cave-In-Rock 28.8 31.0 22.7 26.7 18.0 17.9 24.2 
Kanlow N1 26.0 28.2 23.2 23.7 17.8 16.5 22.6 
NE2K 22.5 28.6 18.9 22.4 18.3 16.9 21.3 
Shawnee 27.4 32.2 22.7 26.3 19.0 19.0 24.4 
Bonanza 11.8 40.2 15.4 29.8 17.7 35.6 25.1 
Goldmine 13.4 35.2 14.4 30.4 19.9 38.2 25.3 
Chief 12.5 24.3 15.0 16.1 16.6 17.8 17.1 
Scout 13.0 23.8 16.2 17.2 18.0 21.2 18.2 
Warrior 16.4 25.5 16.7 20.5 18.1 16.9 19.0 
Mean 20.4 30.8 19.8 24.7 19.9 22.2  
LSD (α=0.05) 2.04 5.59 2.28 6.17 3.22 4.47  
 
 
b) Mead, NE 
 Moisture content (g kg-1) 
Species 2010 2011 2012 2013 2014 2015 Mean 
M. × giganteus 53.0 42.9 31.9 36.9 37.5 55.4 42.9 
Cave-In-Rock 47.0 39.1 25.8 34.1 38.9 49.6 39.1 
Kanlow N1 49.4 4.06 24.3 33.6 36.6 59.2 34.5 
NE2K 35.6 31.2 24.8 24.8 30.7 40.2 31.2 
Shawnee 45.8 36.1 22.7 31.6 34.6 45.8 36.1 
Bonanza 40.9 24.6 17.4 18.5 23.9 33.4 26.5 
Goldmine 45.1 31.5 20.3 23.1 29.6 39.2 31.5 
Chief 27.9 24.1 23.6 18.2 24.0 26.8 24.1 
Scout 33.4 26.6 22.6 16.6 26.3 34.1 26.6 
Warrior 36.4 28.3 23.4 23.4 25.0 33.4 28.3 
Mean 41.4 32.5 23.7 26.1 30.7 41.7  











Table 2.6 (Cont.) 
c) Ames, IA 
 Moisture content (g kg-1) 
Species 2010 2011 Mean 
M. × giganteus 17.0 11.9 14.5 
Cave-In-Rock 25.2 19.5 22.4 
Kanlow N1 11.8 12.7 12.3 
NE2K 15.1 11.6 13.4 
Shawnee 11.8 11.8 11.8 
Bonanza 16.1 21.1 18.6 
Goldmine 23.4 16.2 19.8 
Chief 22.5 21.5 22.0 
Scout 11.0 12.7 11.9 
Warrior 12.0 11.9 12.0 
Mean 16.6 15.1  


























Table 2.7 Biomass dry matter yields and coefficient of variance in monoculture and mixture treatment during 2010 to 2015 at Urbana, 
IL, Mead, NE, and Ames, IA. 
a) Urbana, IL 
  Harvest Year   
Species % of species  2010 2011 2012 2013 2014 2015 Mean C.V. 
  -------------------------------------------- Mg ha-1 --------------------------------------- % 
M. × giganteus  15.4 16.2 13.6 21.7 16.7 19.1   17.1a 22.2 
Cave-In-Rock  12.0 11.1 8.4 11.2 9.3 9.9   10.3cde 16.1 
Kanlow N1  13.9 16.4 14.4 15.7 11.4 11.3   13.9b 17.9 
NE2K  12.7 12.3 10.3 12.0 11.4 10.3   11.5bc 13.3 
Shawnee  14.8 12.8 9.2 11.6 9.4 9.1   11.2cd 22.1 
Bonanza  10.0 8.0 5.6 7.5 9.4 10.7     8.6de 30.0 
Goldmine  10.7 8.9 6.3 11.0 11.7 11.4   10.0cde 23.8 
Chief  12.5 10.8 4.6 10.6 5.9 6.7     8.5de 36.4 
Scout  13.5 10.7 5.2 12.5 7.7 9.0     9.8cde 32.4 
Warrior  18.2 10.8 5.5 12.3 7.2 8.5   10.4cde 42.5 
Bonanza/Goldmine 50/50 10.3 7.9 5.8 8.5 10.1 11.2     9.0cde 23.2 
Bonanza/Scout 40/60 12.3 10.8 6.4 11.5 8.6 10.3   10.0cde 23.7 
 50/50 11.1 9.6 5.7 12.0 9.1 9.9     9.6cde 27.2 
 60/40 12.1 10.4 6.2 11.2 9.7 10.7   10.0cde 22.2 
Bonanza/Scout/Shawnee 20/60/20 12.7 11.3 8.9 13.0 10.1 10.6   11.1cd 16.7 
 40/40/20 15.1 11.2 7.5 11.0 9.6 9.8   10.7cd 23.7 
 60/20/20 12.9 10.9 8.5 11.6 10.2 11.1   10.8cd 20.3 
Bonanza/Scout/Butte 40/20/40 8.4 8.7 4.3 8.9 7.4 9.9     7.9e 30.0 
Goldmine/Warrior 40/60 17.1 12.5 6.4 11.3 7.5 9.6   10.7cd 36.6 
 50/50 17.1 12.2 7.1 13.1 8.0 11.6   11.5bc 31.8 
 60/40 17.0 11.9 6.5 10.7 7.8 10.1   10.7cd 36.2 
Goldmine/Warrior/Shawnee 20/60/20 16.8 13.1 7.1 12.1 8.5 10.0   11.3bc 29.7 
 40/40/20 17.4 12.5 8.0 11.1 7.4 9.0   11.0cd 33.4 
 60/20/20 14.3 10.6 7.4 11.4 8.9 10.4   10.5cde 23.9 
Goldmine/Warrior/Butte 40/20/40 12.0 10.6 5.7 11.3 7.8 8.7     9.4cde 31.0 
Warrior/Scout 50/50 18.4 12.7 5.8 11.7 6.4 8.5   10.6cde 42.5 
Warrior/Shawnee/Butte 40/20/40 15.5 12.9 7.8 12.4 7.9 9.5   11.0cd 28.9 
Scout/Shawnee/Butte 40/20/40 10.3 8.9 5.5 10.2 7.6 8.6     8.5de 23.0 
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Table 2.7 (Cont.) 
b) Mead, NE 
  Harvest Year   
Species % of species  2010 2011 2012 2013 2014 2015 Mean C.V. 
  -------------------------------------------- Mg ha-1 --------------------------------------- % 
M. × giganteus  24.0 14.6 13.9 18.6 15.6 20.6   17.9a 35.9 
Cave-In-Rock  9.8 9.7 11.1 9.8 7.8 9.4     9.6b 18.9 
Kanlow N1  12.4 14.8 18.0 12.7 8.5 8.9   12.6b 31.3 
NE2K  9.4 9.4 10.6 10.5 9.5 10.2     9.9b 10.7 
Shawnee  10.6 10.3 12.5 10.8 9.0 9.9   10.5b 14.7 
Bonanza  8.8 8.6 7.9 7.2 10.2 10.6     8.9b 24.9 
Goldmine  9.2 10.0 8.6 10.4 11.1 9.7     9.8b 21.4 
Chief  12.4 8.7 5.7 9.0 10.1 9.0     9.1b 31.2 
Scout  13.3 11.3 7.6 12.3 11.3 9.5   10.9b 24.9 
Warrior  12.3 11.0 6.0 9.6 10.2 9.6     9.8b 27.3 
Bonanza/Goldmine 50/50 8.5 10.6 7.9 7.9 10.1 9.2     9.0b 22.1 
Bonanza/Scout 40/60 9.4 9.7 7.6 10.0 10.8 9.3     9.5b 18.8 
 50/50 9.9 9.4 9.1 10.4 10.5 8.3     9.6b 17.4 
 60/40 9.2 10.0 8.2 9.6 9.8 9.8     9.4b 14.5 
Bonanza/Scout/Shawnee 20/60/20 11.4 10.8 10.9 9.4 8.5 8.8   10.0b 18.0 
 40/40/20 10.3 10.9 12.1 11.4 9.4 9.2   10.5b 17.4 
 60/20/20 10.4 10.7 11.6 10.1 9.2 9.5   10.2b 16.4 
Bonanza/Scout/Butte 40/20/40 9.2 9.1 7.3 8.0 10.4 11.1     9.2b 28.3 
Goldmine/Warrior 40/60 11.7 10.4 8.4 9.8 10.5 11.0   10.2b 16.9 
 50/50 10.3 11.6 7.0 10.1 10.7 9.3     9.8b 22.0 
 60/40 11.7 9.8 8.0 10.6 10.0 9.0     9.9b 20.9 
Goldmine/Warrior/Shawnee 20/60/20 12.9 10.8 12.5 10.7 9.2 9.1   10.9b 21.7 
 40/40/20 12.7 10.6 11.3 8.4 8.4 8.5   10.0b 26.2 
 60/20/20 10.9 9.5 10.7 8.9 8.6 9.6     9.7b 18.3 
Goldmine/Warrior/Butte 40/20/40 10.1 10.1 9.4 10.3 11.8 11.0   10.5b 22.3 
Warrior/Scout 50/50 11.0 10.8 6.6 9.1 9.5 11.5     9.8b 29.0 
Warrior/Shawnee/Butte 40/20/40 11.1 9.2 9.6 10.2 7.7 9.5     9.5b  18.4 




Table 2.7 (Cont.) 
c) Ames, IA 
  Harvest Year  
Species % of species  2010 2011 Mean C.V. 
   --------------- Mg ha-1 --------------- % 
M. × giganteus  13.9 13.0 13.4a 39.2 
Cave-In-Rock  6.1 8.1 7.1bcd 22.0 
Kanlow N1  8.4 9.8 9.1b 19.2 
NE2K  7.0 7.0 7.0bcd 21.3 
Shawnee  7.3 7.6 7.4bcd 18.2 
Bonanza  5.4 4.6 5.0cd 24.4 
Goldmine  6.7 6.1 6.4bcd 13.9 
Chief  7.4 6.9 7.2bcd 19.1 
Scout  7.8 9.2 8.5b 18.2 
Warrior  9.3 8.1 8.7b 14.7 
Bonanza/Goldmine 50/50 4.7 4.5 4.6bcd 19.4 
Bonanza/Scout 40/60 6.1 7.8 7.0bcd 16.8 
 50/50 5.4 7.7 6.5bcd 21.6 
 60/40 6.8 6.6 6.7bcd 13.5 
Bonanza/Scout/Shawnee 20/60/20 6.7 8.6 7.6bcd 23.9 
 40/40/20 7.8 8.4 8.1bc 13.3 
 60/20/20 6.7 7.1 6.9bcd 12.1 
Bonanza/Scout/Butte 40/20/40 5.9 5.6 5.8bcd 28.8 
Goldmine/Warrior 40/60 9.4 9.0 9.2b 14.4 
 50/50 8.2 8.3 8.7b 17.7 
 60/40 7.3 8.7 8.0bcd 21.3 
Goldmine/Warrior/Shawnee 20/60/20 9.2 9.2 9.2b 9.6 
 40/40/20 6.4 9.1 7.7bcd 27.8 
 60/20/20 8.3 9.6 9.0b 14.6 
Goldmine/Warrior/Butte 40/20/40 6.4 7.6 7.0bcd 20.9 
Warrior/Scout 50/50 9.0 9.7 9.4b 11.9 
Warrior/Shawnee/Butte 40/20/40 7.4 10.0 8.7b  17.4 
Scout/Shawnee/Butte 40/20/40 6.7 8.1 7.2bcd 21.8 
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Table 2.8 The average species composition of each mixture in 2009 and 2016 at Urbana, IL and Mead, NE. 
A) Urbana, IL 
Year 2009  2016 
Species BB IN SW SO  BB IN SW SO 
 --------------------------------------------------- % --------------------------------------------------- 
Two-way mixture          
  Bonanza + Scout (4:6) 40 60 0 0  58 17 25 0 
  Bonanza + Scout (5:5) 50 50 0 0  82 13 5 0 
  Bonanza + Scout (6:4) 60 40 0 0  66 18 16 0 
  Goldmine + Warrior (4:6) 40 60 0 0  76 14 10 0 
  Goldmine + Warrior (5:5) 50 50 0 0  75 7 18 0 
  Goldmine + Warrior (6:6) 60 40 0 0  80 5 15 0 
Three-way mixture          
  Bonanza + Scout + Shawnee (2:6:2) 20 60 20 0  32 18 50 0 
  Bonanza + Scout + Shawnee (4:4:2) 40 40 20 0  60 18 22 0 
  Bonanza + Scout + Shawnee (6:2:2) 60 20 20 0  63 9 28 0 
  Goldmine + Warrior + Shawnee (2:6:2) 20 60 20 0  44 20 36 0 
  Goldmine + Warrior + Shawnee (4:4:2) 40 40 20 0  65 20 15 0 
  Goldmine + Warrior + Shawnee (6:2:2) 60 20 20 0  58 15 27 0 
  Bonanza + Scout + Butte (4:2:4) 40 20 0 40  78 10 12 0 
  Goldmine + Warrior + Butte (4:2:4) 40 20 0 40  76 10 14 0 
  Scout + Shawnee + Butte (4:2:4) 0 40 20 40  48 34 18 0 
  Warrior + Shawnee + Butte (4:2:4) 0 40 20 40  28 29 43 0 
†Species compositions in 2009 indicate the ratio of seeds mixed for planting. 




Table 2.8 (Cont.) 
B) Mead, NE 
Year 2010  2016 
Species BB IN SW SO  BB IN SW SO 
 --------------------------------------------------- % --------------------------------------------------- 
Two-way mixture          
  Bonanza + Scout (4:6) 40 60 0 0  34 41 25 0 
  Bonanza + Scout (5:5) 50 50 0 0  50 50 0 0 
  Bonanza + Scout (6:4) 60 40 0 0  39 51 10 0 
  Goldmine + Warrior (4:6) 40 60 0 0  30 55 16 0 
  Goldmine + Warrior (5:5) 50 50 0 0  59 39 2 0 
  Goldmine + Warrior (6:6) 60 40 0 0  66 21 13 0 
Three-way mixture          
  Bonanza + Scout + Shawnee (2:6:2) 20 60 20 0  14 20 66 0 
  Bonanza + Scout + Shawnee (4:4:2) 40 40 20 0  13 5 82 0 
  Bonanza + Scout + Shawnee (6:2:2) 60 20 20 0  31 9 60 0 
  Goldmine + Warrior + Shawnee (2:6:2) 20 60 20 0  25 5 70 0 
  Goldmine + Warrior + Shawnee (4:4:2) 40 40 20 0  34 10 56 0 
  Goldmine + Warrior + Shawnee (6:2:2) 60 20 20 0  32 12 56 0 
  Bonanza + Scout + Butte (4:2:4) 40 20 0 40  38 27 35 0 
  Goldmine + Warrior + Butte (4:2:4) 40 20 0 40  46 45 10 0 
  Scout + Shawnee + Butte (4:2:4) 0 40 20 40  10 7 83 0 
  Warrior + Shawnee + Butte (4:2:4) 0 40 20 40  25 12 63 0 
†Species compositions in 2010 indicate the ratio of seeds mixed for planting. 
‡Species compositions in 2016 indicate field observations before biomass harvest in fall 2016. 
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Figure 2.1 Relationships between annual biomass dry matter yield and April and July 
precipitation during 2010 through 2015 at Urbana, IL and Mead, NE. 
 









Figure 2.1 (Cont.) 










Figure 2.1 (Cont.) 
3) Miscanthus × giganteus 
 
 




Figure 2.2 Biomass dry matter yield (Mg ha-1) of indiangrass and switchgrass pooled across 
cultivars for the second through sixth growing seasons. 
 
 








Figure 2.3 Coefficient of variance for each treatment at each location by species richness in 
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EFFECT OF DIGESTATE AND DIGESTATE SUPPLEMENTED WITH BIOCHAR ON 




Digestate, a by-product of anaerobic digestion, can be an excellent source of nutrients for 
bioenergy crop production, while biochar, resulting from pyrolyzing biomass, can valorize the 
nutrients of digestate. The objective of this study was to evaluate the nutritional value of 
digestate and digestate + biochar for switchgrass production. The greenhouse experiment was 
conducted to determine the effects of nitrogen (N) source, 0 N (control), urea (nutrient control), 
digestate, and digestate + biochar, on switchgrass growth and feedstock composition. Nitrogen 
sources significantly affected plant weight at the 32-week harvest, with weight ranging from 94.2 
to 125.2 g plant-1, depending on the N source, compared with 70.7 g plant-1 from the negative 
control. Moreover, switchgrass treated with digestate + biochar showed higher plant weight than 
samples treated only with digestate.  Nitrogen application of urea, digestate, and digestate + 
biochar had positive effects on plant height and total leaf area in the 32-week harvests and 
chlorophyll content in 8-week harvests. Feedstock quality traits including hemicellulose, 
cellulose, and lignin content were not affected by N sources in either the 8 or 32-week harvests 
with the exception of ash concentration in the 32-week harvests. Our results indicate that 
digestate and digestate + biochar can be a potential substitute for chemical fertilizer, resulting in 






Switchgrass (Panicum virgatum L.) is a C4 warm-season grass native to North American 
prairies and is a model perennial grass for bioenergy as well as the most advanced herbaceous 
perennial bioenergy feedstock due to its high yield potential and low agronomic inputs 
(McLaughlin and Walsh, 1998; Lee et al., 2007a and b; Vogel et al., 2014; Mitchell et al., 2016).  
During the last decades, switchgrass biomass productivity has been greatly improved through 
high yielding cultivar development and best agronomic management practices including nitrogen 
(N) fertility and harvest (Vogel et al., 2014; Mitchell et al., 2016). Switchgrass biomass yields 
can be significantly impacted by soil nutrient availability. Nitrogen is particularly important for 
switchgrass biomass production as N is the primary limiting factor for biomass yield, and 
exogenous application of N fertilizer contributes significantly to the cost of production (Vogel et 
al., 2002; Albaugh et al., 2012).  
The recommended N rate for switchgrass production depends on site, cultivar, and 
management practices (Vogel et al., 2002). Optimal N rates for switchgrass grown as pasture or 
hay ranged from 50 to 120 kg N ha-1 in the central Great Plains and Midwest (Brejda, 2000), 
while ‘Alamo’ switchgrass grown for biomass production required 168 kg N ha-1 in Texas (Muir 
et al., 2001). Conversely, Mulkey et al. (2006) suggested 56 kg N ha−1 was adequate for 
switchgrass production on Conservation Reserve Program (CRP) land in South Dakota. 
Anderson et al. (2013) indicated site specific N fertility management based on soil types and N 
availability is important to maximize switchgrass biomass yield in Illinois. In addition, the 
feedstock composition, which is affected by management practices including N fertilization, 
determines conversion efficiency of biomass to liquid fuels or heat energy based on conversion 
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technologies (Lewandowski and Kicherer 1997; Mckendry, 2002; Sanderson et al., 2007). 
Consequently, it is important to understand how fertilization rates impact nutrient dynamics in 
harvested biomass, which ultimately affects sustainability of biomass energy production systems 
(Reynolds et al., 2000; Propheter and Staggenborg, 2010; Guretzky et al., 2011).  
Anaerobic digestion (AD) is one of the most commonly-adopted technologies in waste 
treatment practices and energy recovery because of its simplicity and applicability for treatment 
of a wide range of organic waste streams, such as sewage sludge, municipal solid waste and 
agricultural residues. The main driving force for deployment of AD technologies is waste 
stabilization through degradation of organic compounds in waste streams and energy recovery in 
the form of biogas. Biogas can be upgraded to biomethane, i.e. renewable natural gas, to produce 
power and heat or directly used as a fuel in the transportation sector (Shen et al., 2015a). 
Digestate is a post-AD byproduct consisting of microbial cell mass and not readily biodegradable 
matter. Digestate is also rich in nutrients, e.g. N, phosphorus, potassium, and its valorization may 
significantly enhance the overall economic benefits of the AD industry (Fuchs and Drosg, 2013). 
Digestate can potentially be used as a fertilizer for crop production, which contributes to the 
circular economy without polluting groundwater through landfill leakage (Al Seadi et al., 2013).  
Recently a novel waste-to-energy system was developed by Shen et al. (2015b). This 
Integrated Waste to Energy and Nutrient Production System (IWENPS) aims to produce the 
pipeline-quality renewable methane (biomethane) and fertilizer-grade digestate, i.e. left over 
from anaerobic digestion of wastes, for soil application and reduction of greenhouse gas (GHG) 
emissions and waste volumes. The system consists of a sequential biomass pyrolysis for energy 
production and biochar production and in situ AD of organic wastes with biochar for renewable 
methane and digestate production, which could be used as a fertilizer. Additional studies further 
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demonstrated that biochar serves as an effective additive to enhance AD performance in terms of 
methane productivity and process stability (Shen et al., 2017; Shen et al., 2016; Shen et al., 
2015b).  The IWENPS is an attractive process which permits conversion of a large range of 
organic wastes into renewable fuel. However, the digester effluent, digestate, needs to be fully 
valorized to create a closed loop system. Digestate valorization and its integration in a 
sustainable biorefinery concept are crucial to demonstrating a self-sustaining IWENPS utilizing 
digestate for cultivation of energy crops.  
Upon addition of biochar into the digester, functional groups on the biochar surface can 
interact with organic and inorganic compounds during AD via various mechanisms, such as 
adsorption, electrostatic interaction, ion exchange and precipitation (Ahmad et al., 2014). Such 
dynamics may affect the bioavailability of the nutrients in the biochar-digestate matrix for crop 
growth and nutrient uptake. The compositional and structural analyses of digestate from biochar-
supplemented digesters suggest that it can be a suitable nutrient supply for cultivation of energy 
crops (Shen et al., 2015a). The utilization of digestate amended with biochar for cultivation of 
energy crops can create an economic opportunity and additional income for the AD industry 
while preventing the flow of nutrient pollution into the natural waterbodies.  
Although biochar has been extensively reported for its application as a soil amendment 
and has shown benefits for plant growth and soil quality improvement (Laird et al., 2010), 
biochar, which was added to the AD process, has not been tested for its value for crop 
production.  The agronomic value of digestate + biochar from IWENPS must be quantified if it is 





Therefore, the objective of this study was to compare whether there are benefits of 
digestate with and without biochar when compared to synthetic fertilizer and to determine an 
optimum application rate for sustainable and cost effective switchgrass biomass production.   
 
MATERIALS AND METHODS 
 
Digestate material and production 
A two-stage fermenter system (BioFlo 110, Eppendorf, New Brunswick) was used to 
conduct the semi-continuous two-stage AD experiments. The system consists of two identical 
14-L stirred tank reactors with individual control of pH, temperature, and agitation. Two-stage 
AD systems were set up and run based on the operating conditions specified by Shen et al. 
(2017).  Each reactor had a working volume of 9.4 L. A digestate sample was taken daily to 
determine the pH, solid content and nutrient content. 
Plant material  
Switchgrass cultivar ‘Kanlow’ (USDA Natural Resources Conservation Services, 
Manhattan Plant Materials Center, KS, USA) was used for the experiment. Each seed was 
individually planted at a depth of 3 mm in a propagation liner tray (Nursery Supplies Inc, PA, 
USA) using Sunshine Metro-Mix1950 (Sun Gro Horticulture Distribution Inc., MA, USA) as the 
growing medium. After planting, seedlings were maintained in a greenhouse. Six-week old 






Plant growth condition  
Tree-pots (8.69 L, 25.7 cm diameter × 23.2 cm deep, classic 1000, Nursery Supplies Inc, 
PA, USA) were lined with a coffee filter to prevent potting mix from flowing out of the drainage 
holes. Each pot was filled with a uniform volume of 8 L of soil or soil mixed with fertilizer. The 
treatments included controls (no fertilizer), nutrient controls (granular urea, 46-0-0), digestate, 
and digestate + biochar. Application rates of digestate, digestate + biochar, and urea 
corresponded to 0, 50, 100, and 150 kg N ha-1. Digestate and digestate + biochar application rates 
were calculated based on total N concentration of digestate samples (Table 3.1). The required 
amount of digestate, digestate + biochar, or urea for each application rate was mixed with soil, 
which was prepared by mixing of torpedo sand (0.0 to 0.6 cm size) and Flanagan silt loam 
(sandy loam) at a ratio of 2:1 (wt/wt). The base soil was designed to determine the sole effect of 
digestate and digestate + biochar and minimize any nutrient derived from soils. Basic chemical 
properties of digestate and soil are presented in Tables 3.1 and 3.2, respectively, and after mixing 
digestate and digestate + biochar, soil pH ranged from 7.9 to 8.0. After gently removing soils 
around roots, switchgrass seedlings were transplanted into each pot filled with a premixed soil. 
Each pot was placed on a plastic plant saucer (25.4 cm × 3 cm deep, Curtis Wagner plastics, TX, 
USA) and periodically watered from below and misted from above as needed to maintain moist 
soil conditions. The greenhouse was maintained at 27 °C/16 °C day/night with 14 h photoperiod 
providing 400 μmol m-2s-1 photon flux at the plant canopy level. The greenhouse experiment was 
completely randomized with five replications per treatment and two replications in time. The 





Determination of agronomic traits 
A total of 50 pots of switchgrass (5 replications) were established and harvested after 8 
weeks (2 replications) and 32 weeks (3 replications) and the experiment was repeated two times. 
Number of tillers, leaves, and height (from soil level to the tip of the tallest leaf) of the tallest 
tiller were recorded weekly during the experimental period. After each harvest, agronomic traits 
from each pot were measured including total plant fresh weight (g plant-1), subsample wet and 
oven-dry weights of above- and below ground biomass, plant height (cm), tiller weight (g tiller-
1), and number of tillers (tiller plant-1).  Switchgrass leaf samples were collected for measuring 
leaf area, number of leaves (leaves tiller-1), and chlorophyll content. Dry biomass weight (g 
plant-1) was determined by drying a subsample at 60 °C for up to 72 h until dry weight was 
constant. Leaf area was calculated with the method of O’Neal et al. (2002). Eight-week-old 
leaves were collected and then placed on a white background board to take digital images with a 
l × 1 cm2 grid through a camera (ELPH 300HS Cannon Inc., Tokyo, Japan). The digital images 
of leaves were calculated using Image J v1.51p for Windows 
(https://imagej.nih.gov/ij/download.html). Chlorophyll a and b content were measured following 
the method described by Mustafiz et al. (2010). Eight-week-old leaves were collected, weighed, 
and ground with 80% acetone. The extract was transferred into a 2 ml micro-centrifuge tube and 
maintained on ice under dark conditions. After centrifuging at 10,000 rpm for 15 min, 
supernatant was transferred into a new 2 ml micro-centrifuge tube and kept on ice. The 
absorbance at 645 and 663nm was measured with a spectrometer (G10S UV-Vis, Thermo Fisher 
Scientific, Madison, WI, USA). Chlorophyll absorbance was estimated using a SPAD 




Analysis of feedstock chemical composition 
Above ground biomass samples were ground to pass through a 1 mm screen using a 
cutting mill (Retsch SM2000, Haan, Germany). Ash concentration in biomass samples was 
estimated using a muffle furnace incineration at 600 °C for 4 h. Fiber analyses of biomass 
samples were performed sequentially using an Ankom 200 Fiber Analyzer 
(Ankom21Technology, Macedon, NY, USA) for neutral detergent fiber (NDF) and acid 
detergent fiber (ADF). Acid detergent lignin (ADL) was determined by using an Ankom Daisy II 
incubator. The fiber analysis was conducted according to the manufacturer’s protocol (Ankom 
Technology, Macedon, NY, USA, 2000, 2003a, and, 2003b, respectively). The NDF, ADF, and 
ADL data were utilized to estimate lignocellulosic concentrations in biomass. Cellulose was 
estimated by calculating the difference between ADF and ADL, while hemicellulose was 
estimated by calculating the difference between NDF and ADF. Mineral composition of biomass 
samples was analyzed using inductively coupled plasma spectrometry with optical emission 
spectrometry (iCAPTM 6500 Duo ICP, Thermo Fisher Scientific Inc., Waltham, MA, USA) 
following a concentrated HNO3 microwave digestion procedure using a MARSXpress vessel 
(CEM, Matthews, NC, USA) (Gavlak et al., 2003). Nutrient removal and mineral removal by 
plant biomass were determined by multiplying biomass yield by the corresponding concentration 
of each element. 
Statistical analysis 
Normality of the residuals and equality of the variances was tested using a box plot in the 
UNIVARIATE procedure in SAS software (SAS System for Windows, Version 9.4, SAS 
Institute Inc., Cary, NC, USA). The data were analyzed using the MIXED procedure of SAS, 
with α=0.05. The PDMIX800 macro in SAS was used to generate letter groupings of similar 
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means (Saxton, 1998). There was no significant difference between the trials and the data were 
pooled across experiments. Replications were considered a random variable, while N source and 
rate were considered fixed variables. Contrast statements were used to test if responses to 
fertilization were different among N sources using the MIXED procedure. Correlations were 
examined between feedstock chemical composition and N rate using the CORR procedure in 
SAS. The quadratic + plateau model (Bullock and Bullock, 1994) was applied to calculate the 




All nutrients in the digestate + biochar treatment were higher than digestate without 
biochar except NO3-N (Table 3.1). Phosphorus as P2O5 was almost two times higher and 
potassium (K) as K2O was 15 times higher with digestate + biochar than digestate. The effect of 
N source on plant weight was significant at the 32-week harvest (P < .0001), with plant weight 
varying from 70.7 to 125.3 g plant-1 depending on N source (Table 3.3). For the 32-week harvest, 
all N treatments produced higher plant weight than the control (P < .0001), and switchgrass 
treated with digestate + biochar showed higher plant weight than switchgrass treated solely with 
digestate (Table 3.3). Plant weight was not significantly affected by N source in the 8-week 
harvest, but plant weight, averaged across nutrient control, digestate, and digestate + biochar, 
was higher than in the controls (Table 3.3). Plant tissue N removal for each N source was highly 
correlated with N application rate, and the rate of increase was greatest with urea and least with 
digestate (Figure 3.1). Biomass yield of the nutrient control increased with increasing N rates 
until a plateau was reached. Based on plant weight at the 32-week harvest, the optimal N 
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fertilization rate of the urea control was 90 kg N ha-1, according to the quadratics + plateau 
model. Below ground biomass measurements including root weight, root volume, and R:S ratio 
did not differ across N sources in the 8 or 32 week harvests (Table 3.3). 
With regard to agronomic traits, plant height was significantly affected by N fertilization 
in the 32-week harvest (P=0.0047). No other traits varied significantly across N sources in the 8 
or 32-week harvest (Table 3.4). All pots treated with N had higher plant height, tiller weight, and 
number of leaves than the control, but there were no differences among the nutrient control, 
digestate, and digestate + biochar treatments in the 32-week harvest (Table 3.4).  
In terms of leaf characteristics, there were significant effects of N treatment on 
chlorophyll absorbance (P=0.0390) and total leaf area (P= 0.0198) (Table 3.5). Chlorophyll 
absorbance ranged from 30% to 40%, and total leaf area varied between 2,356 cm2 and 4,787 
cm2. Chlorophyll absorbance tended to be higher in plants treated with urea applying more than 
at the rate of 50 kg N ha-1 but was not different between digestate and digestate + biochar. Total 
leaf area was greater in samples from the nutrient control, digestate, and digestate + biochar 
treatments than in the control except digestate at the rate of 50 kg N ha-1, and total leaf area of 
digestate + biochar samples was not different from digestate samples. Chlorophyll a and b 
contents did not respond to N fertilization, but chlorophyll b content was higher in samples from 
the nutrient control than in samples from the digestate treatment when averaged across the rates 
(Table 3.5).  
Structural carbohydrates including hemicellulose, cellulose, and lignin were not affected 
by N fertilization in the 8 or 32-week harvest with the exception of ash concentration (P=0.0004) 
in the 32-week harvest (Table 3.6). Ash concentration in the 32-week harvest varied between 
36.1 and 44.1 g kg-1. Switchgrass without N fertilization had higher ash concentration than plants 
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grown with N except digestate at the rate of 50 kg N ha-1, and switchgrass treated with either 
digestate or digestate + biochar had higher ash concentration than switchgrass treated with urea. 
As N application rate increased across all treatments, ash concentration in switchgrass decreased 
(Figure 3.2A). Feedstock mineral concentrations responded differently to urea, digestate, and 
digestate + biochar (Table 3.7). Ash concentration was positively correlated with K 
concentration (R2=0.3818, P <.0001) across N sources (Figure 3.2B).  
 
DISCUSSION AND CONCLUSIONS 
 
In the US, more than 543 million metric tons of organic waste are generated every year 
(Linville et al., 2015). Anaerobic digestion technology is one system used for reducing organic 
waste volume. Utilizing the systems, digestate is an easily accessible product to use and shows 
promise as an alternative to chemical fertilizers (Lukehurst, 2010). Anaerobic digestate is 
composed of plant nutrients including macro- and micro-nutrients, but can also include heavy 
metals and organic compounds in various concentrations (Lukehurst, 2010). Our results showed 
that digestate and digestate + biochar contained macronutrients including N, P, K, Ca, Mg, and S 
and micronutrients such as B, Cu, Fe, Mn, Ni, and Zn. Although the nutrient concentration of 
digestate and digestate + biochar did not generally deviate from the range reported by other 
authors (Alburquerque et al., 2012a and b; Lukehurst, 2010), a difference was observed between 
digestate and digestate + biochar. Except for N concentration, the concentrations of macro- and 
micro-nutrients in digestate + biochar were higher when compared to digestate. This observation 
can be explained by the following; anaerobic digestion did not affect the total nitrogen content 
and chemical composition of digestate is dependent on the type of original feedstock (Möller and 
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Müller, 2012). Since biochar is mainly composed of carbon, it could not affect N concentration 
of digestate + biochar. Moreover, the in situ biogas upgrading process with biochar amendment 
uses corn stover biochar to remove contaminants including carbon dioxide and hydrogen sulfide 
from raw biogas (Shen et al., 2015b). Corn stover biochar can absorb contaminants in this 
system, which consequently influence the concentrations of macro- and micro-nutrients in 
digestate + biochar. 
Nitrogen and water are critical for the achievement of full biomass yield potential in 
warm-season perennial grasses, including switchgrass (Vogel et al., 2002), even though 
switchgrass has high N and water use efficiency (McLaughlin and Kszos, 2005). Nitrogen 
fertilization increased switchgrass biomass along with growth traits in the present study, and 
digestate and digestate + biochar were relatively comparable to the chemical fertilizer, urea 
(Table 3.3). Likewise, plant weight responded positively to digestate + biochar in our study and 
was equal to or enhanced in digestate + biochar treatments compared to treatments with only 
digestate. Optimal N fertilizer rates varied for urea, digestate, and digestate + biochar in our 
experiment. Even though the recommendations for switchgrass differ depending on location and 
harvest timing, generally 50 to 110 kg N ha-1 is required to maximize biomass (Brejda, 2000; 
Vogel et al., 2001; Anderson et al., 2013), which is in agreement with our result from the 
inorganic fertilizer treatment. Even though application rates of digestate and digestate + biochar 
did not reach the plateau, we assumed optimal application rates of digestate and digestate + 
biochar might be higher than the rate estimated for urea application. It should be noted that total 
N in digestate samples consisted of 17-25% NH4-N and NO3-N, and 75-83% organic nitrogen. 
Organic N is not easily taken up by plants compared to urea.  Eghball and Power (1999) reported 
that the annual N mineralization rate of field applied organic waste was approximately 40% of 
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total N applied during the first year. However, it assumed that digestate + biochar appeared to 
have more accessible N content than digestate. The reason for this observation is that biochar can 
help to increase soil microbial biomass and activity associated with N cycling. Biochar is well-
known as a soil amendment and biochar is a highly porous structure which provides micro-
organisms with habitats (Ahmad et al., 2014). Therefore, even though the concentration of total 
N, NH4-N and NO3-N was not different between digestate and digestate + biochar, switchgrass 
growth and development was higher in digestate + biochar than digestate.      
As mentioned above, N fertilization is a critical factor affecting plant growth and 
development including plant height, tiller weight, tiller density, panicle development, and seed 
production in perennial grasses (Canode and Law, 1978; Haferkamp and Copeland, 1984; 
Thompson and Clark, 1989; Thompson and Clarke, 1993). In addition, switchgrass biomass yield 
has been shown to increase as a result of greater tiller mass with N fertilization (Muir et al., 
2001). Leaf number per tiller is comparatively consistent within a perennial grass species (Van 
Esbroeck et al., 1997), although nutrient availability may alter the rate of leaf formation 
(Prystupa et al., 2003). In the present study, orthogonal contrasts between fertilized and 
unfertilized pots showed a positive effect of N fertilization for leaf number, tiller weight, and 
plant height in this experiment. Total tiller number did not respond to N fertilization, which is in 
agreement with Sanderson and Reed (2000) and Muir et al. (2001) who reported that ‘Alamo’ 
switchgrass response to increased N fertilization was predominantly in the form of increased 
tiller mass rather than tiller density.  
Chlorophyll absorbance is an indicator to estimate N concentration (Peng et al, 1996; 
Swiader and Moore, 2002). Chlorophyll absorbance, chlorophyll content, and total leaf surface 
area positively responded to the application of digestate and digestate + biochar in the present 
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study. It can be assumed that improved N uptake, resulting from N fertilization, may provide 
sufficient nutrients for individual tillers to ensure development and to promote the essential 
enzyme functions necessary for tiller survival and growth (Power and Alessi, 1978). 
Biomass feedstocks containing high percentages of cellulose and hemicellulose and low 
levels of N and minerals are favorable for conversion processes if switchgrass is grown for 
bioenergy production (Demirbas, 2004; Anderson et al., 2013). Lemus et al. (2008) found that 
concentrations of cellulose and lignin increased as N fertilization rate increased, whereas 
hemicellulose and ash decreased. These changes are ideal, considering the greater energy content 
in cellulose and lignin compared to hemicellulose and the potentially negative effects of ash for 
energy conversion processing (Lemus et al., 2008; Waramit et al., 2011). In this study, neither 
hemicellulose nor cellulose responded to N sources. However, as N fertility increased, ash 
concentration decreased, a pattern that is comparable to the results of other studies (Lemus et al., 
2008; Waramut et al., 2011; Anderson et al., 2013; Hong et al., 2014). The decline in ash 
concentration is desirable for biomass quality. The ash is mainly composed of Si, K, Ca, S, and 
Cl (Bakker and Elbersen, 2005), and ash interferes with thermochemical processing and the 
power plant internal system due to slagging, deposit formation and corrosion (Lemus et al., 
2008). In addition, the change of ash concentration resulting from N fertilization might be related 
to the plant biomass fractions including leaves, stems, and inflorescences. Lanning and 
Eleuterius (1987) reported silica concentration in switchgrass was higher in leaves and 
inflorescences than in stems. Moreover, N fertilization led to the increase in tiller weight and 
stem development for switchgrass (Bredja et al., 1994). Consequently, it can be assumed that the 
tiller and stem proportion is increased compared to leaves as N fertility increases (Perry et al., 
1979). The change in proportion could impact the quality of switchgrass. In addition, in our 
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study, a positive correlation was observed between ash and K concentration (Figure 3.2). Adler 
et al. (2006) showed that the change of plant nutrient elements including Cl, K, P and Mg 
accounted for the decrease in ash concentration. The concentration of K and P in biomass was 
different depending on N sources in the present study. Potassium concentrations in biomass were 
higher in the negative control than in the fertilized treatments. The finding is similar to Wood et 
al. (1993) who reported that the decrease in K concentration was observed in bermudagrass with 
increasing rates of ammonium-nitrate application.  
Even though switchgrass has high N use efficiency, N fertilization is necessary for 
sustainable biomass production. When bioenergy feedstocks are continuously harvested, N is 
removed from the system and should be compensated for by an external source of N. Therefore, 
N fertility management, including the choice of N source and the application rate, is important 
for developing switchgrass as a bioenergy feedstock not only economically, but also for the 
environment. The present study indicates that digestate and digestate + biochar increased 
switchgrass biomass without harming feedstock quality and could therefore be considered as a 
potential substitute for chemical fertilizer. Additional work is needed to confirm our results in a 
field setting. 
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TABLES AND FIGURES 
 
Table 3.1 Chemical characteristics of digestate and digestate supplemented with biochar used in 
this experiment 
 
 Total N NH4-N NO3-N P2O5 K2O S B Zn Mn Fe 
 -------------------------------------------------- mg kg-1 --------------------------------------------------- 
Digestate 4133 632.3 88.7 496.9 104.6 85.5 0.7 7.6 6.4 87.2 
D. Biochar† 4200 989.3 51.3 899.1 1676.0 166.7 1.2 17.4 14.0 225.1 
 -------------------------------------------------- mg kg-1 --------------------------------------------------- 
 Cu Ca Mg Na Al Cd Cr Pb Co Ni 
Digestate 5.8 275.4 69.6 35.0 43.5 <0.03 1.0 3.3 <0.05 0.5 
D. Biochar 11.9 629.8 177.0 469.0 127.9 <0.03 1.5 1.4 0.075 0.7 


































Table 3.2 Chemical properties of soil used in this greenhouse experiment. 
 Organic matter NO3-N NH4-N  P2O5 K2O  
 g kg-1 -------------------------------- mg kg-1 -------------------------------- 































Table 3.3 Above- and below-ground biomass yield of switchgrass affected by application of urea, digestate, and digestate + biochar. 
 
Treatment N rate‡ Plant weight  Root weight Root volume R:S
§ 
8wk 32wk 8wk 32wk 8wk 32wk 8wk 32wk 
 kg N ha-1 g plant-1 g plant-1 cm3 plant-1  
Control (C) 0 18.9    70.7e 75.0 205.1 64.6 227.5 6.2 2.8 
Nutrient 
control (N) 
50 31.0  113.2ab 144.2 362.8 137.9 341.3 4.8 3.3 
100 34.4  122.4a 125.0 292.0 128.6 288.8 4.2 2.4 
150 28.1  125.3a 106.7 261.3 143.2 341.3 5.2 2.1 
Digestate (D)‡ 
50 27.0    82.6de 188.3 321.7 174.1 291.7 6.9 4.0 
100 23.8    94.1cd 100.8 296.3 88.9 291.7 9.2 3.0 
150 32.7  102.2bc 168.3 270.6 152.6 274.2 6.8 2.7 
Digestate + 
biochar (DB) 
50 27.2    94.2cd 150.0 348.4 134.0 344.2 5.5 3.7 
100 31.1  101.7bc 142.5 395.2 114.4 297.5 6.9 2.7 
150 35.4  110.3ab 170.8 274.1 84.0 280.2 6.2 3.6 
N fertility contrast -------------------------------------------------- P > F -------------------------------------------------- 
C vs. (N+D+DB) 0.0117 <.0001 0.1713 0.0425 0.1342 0.0553 0.9974 0.6358 
N vs. D 0.3049 <.0001 0.4286 0.8146 0.4263 0.4814 0.0043 0.1463 
N vs. DB 0.9961 0.0028 0.4614 0.4206 0.3952 0.5740 0.1325 0.0830 
D vs. DB 0.3027 0.0380 0.9540 0.2939 0.9539 0.2051 0.1330 0.7490 
†Mean with different letters are significantly different within a column at a= 0.05. 
‡N rate of digestate and digestate + biochar treatment was calculated based on total N of digestate and digestate + biochar; Granular 
urea (46-0-0) was used for the source of nutrient control at rates of 50, 100, and 150 kg N ha-1 










Table 3.4 Effects of N fertilization with digestate and digestate + biochar on switchgrass agronomic traits.  
 
Treatment N rate‡ Plant height Total tiller number Tiller weight Leaf number 8wk 32wk 8wk 32wk 8wk 32wk 8wk 32wk 
 kg N ha-1 cm tillers plant-1 g plant-1 leaves plant-1 
Control (C) 0 165.0 168.5b† 10.0 15.7 2.0 5.5 5.0 6.5 
Nutrient 
control (N) 
50 171.0 252.7a 12.5 15.2 2.5 7.7 5.5 7.7 
100 189.0 251.7a 11.5 16.2 3.1 8.0 5.5 8.5 
150 168.8 252.5a 14.5 16.8 1.9 7.3 5.0 7.0 
Digestate (D)‡ 
50 175.0 239.8a 11.5 11.7 2.5 7.7 5.5 7.5 
100 157.0 245.8a 10.5 15.2 2.4 7.2 5.5 7.7 
150 167.0 241.8a 11.5 16.8 2.9 6.2 5.5 7.5 
Digestate + 
biochar (DB) 
50 174.5 238.7a 11.25 14.7 2.5 7.3 5.0 7.3 
100 193.8 253.8a 12.75 15.2 2.4 8.2 6.0 8.5 
150 174.5 233.4a 11.75 14.3 2.9 8.8 5.5 7.7 
N fertility contrast -------------------------------------------------- P > F -------------------------------------------------- 
C vs. (N+D+DB) 0.3059 <.0001 0.2188 0.7633 0.1614 0.0154 0.1925 0.0113 
N vs. D 0.1707 0.3829 0.1807 0.2804 0.8829 0.3016 0.5235 0.4452 
N vs. DB 0.5139 0.3701 0.4569 0.2492 0.6508 0.9012 0.5235 0.6962 
D vs. DB 0.0477 0.9693 0.5421 0.9260 0.7596 0.3635 1.0000 0.2482 
†Mean with different letters are significantly different within in a column at a= 0.05. 
‡N rate of digestate and digestate + biochar treatment was calculated based on total N of digestate and digestate + biochar; Granular 






Table 3.5 Effects of N fertilization with urea, digestate, and digestate + biochar on chlorophyll a 
and b, chlorophyll absorbance, and total leaf surface area (TLSA) of switchgrass harvested eight 
weeks after transplanting.  
 
 N rate‡ Chlorophyll a Chlorophyll b Chlorophyll absorbance TLSA 
 kg N ha-1 g g FW-1 g g FW-1 % cm2 
Control (C) 0 0.105 0.055 30.1c  2356c† 
Nutrient 
control (N) 
50 0.088 0.085 34.7bc 4609a 
100 0.102 0.151 37.1ab  3979ab 
150 0.076 0.109 40.2a  3846ab 
Digestate (D)‡ 
50 0.116 0.071 32.7bc  2903bc 
100 0.078 0.061 31.6bc  3751ab 
150 0.095 0.097 32.8bc  3923ab 
Digestate + 
biochar (DB) 
50 0.095 0.093 34.4bc  3913ab 
100 0.087 0.074 35.8ab 4787a 
150 0.101 0.088 33.2bc 4262a 
N fertility contrast ----------------------- P > F ---------------------- 
C vs. (N+D+DB) 0.3993 0.1184 0.0272 0.0015 
N vs. D 0.4906 0.0416 0.0032 0.1070 
N vs. DB 0.5912 0.1138 0.0757 0.6433 
D vs. DB 0.8778 0.6207 0.1830 0.0401 
†Mean with different letters are significantly different within a column at a = 0.05. 
‡N rate of digestate and digestate + biochar treatment was calculated based on total N of 
digestate and digestate + biochar; Granular urea (46-0-0) was used for the source of nutrient 
control at rates of 50, 100, and 150 kg N ha-1 










Table 3.6 Switchgrass biomass feedstock composition affected by application of urea, digestate, and digestate + biochar. 
 
Treatment N rate‡ Hemicellulose Cellulose Lignin Ash 8wk 32wk 8wk 32wk 8wk 32wk 8wk 32wk 
 kg N ha-1 -------------------------------------------------- g kg-1-------------------------------------------------- 
Control (C) 0 342.2 306.4 355.3 396.9 54.2 64.8 72.3  44.1a† 
Nutrient 
control (N) 
50 333.6 290.1 355.3 411.8 57.9 70.3 73.6 36.1c 
100 341.6 316.6 305.4 401.5 39.5 68.4 81.9 30.2d 
150 350.5 316.6 354.4 405.6 45.8 77.4 78.8 29.4d 
Digestate (D)‡ 
50 342.4 309.7 350.9 426.4 38.3 69.9 78.5  42.5ab 
100 351.2 313.8 359.4 394.9 52.6 67.3 77.7 36.3c 
150 334.5 306.8 330.2 398.7 59.6 66.6 72.1 36.1c 
Digestate + 
biochar (DB) 
50 352.1 313.4 293.5 417.2 42.0 69.2 79.2  37.2bc 
100 340.8 313.7 354.9 408.8 45.0 71.2 77.4  37.6bc 
150 339.8 306.5 349.1 387.7 44.7 66.6 77.6  35.4cd 
N fertility contrast -------------------------------------------------- P > F -------------------------------------------------- 
C vs. (N+D+DB) 0.9182 0.6883 0.4637 0.3884 0.8562 0.1599 0.2518 0.0004 
N vs. D 0.8819 0.7711 0.6156 0.9658 0.4399 0.1185 0.5689 0.0005 
N vs. DB 0.6685 0.5958 0.7368 0.7967 0.8744 0.1532 0.9928 0.0086 
D vs. DB 0.7763 0.8036 0.4114 0.7607 0.5513 0.9090 0.5853 0.3592 
†Mean with different letters are significantly different within in a column at a= 0.05. 
‡N rate of digestate and digestate + biochar treatment was calculated based on total N of digestate and digestate + biochar; Granular 







Table 3.7 Effects of N fertilization with urea, digestate, and digestate + biochar on feedstock 
mineral concentrations of switchgrass harvested 32 weeks after transplanting. 
 
Treatment N rate‡ N K P S Na Ca Mg 
 - kg ha-1- ------------------------------------- mg kg-1 --------------------------------------- 
Control (C) 0  2233
b-
d†   7550
a 217 467 383 3183   1500c 
Nutrient 
control (N) 
50  1950d   5467c-e 100 400 367 3083   1817bc 
100  2750a-c   5150de 167 467 467 3133   2100ab 
150  3267a   4643e 105 474 627 3204   2200a 
Digestate 
(D)‡ 
50  2767a-c   6867ab 183 450 433 2867   1517c 
100  2850ab   6783ab 222 433 427 2750   1667c 
150  2980b-d   5317e 105 450 400 2933   1800bc 
Digestate + 
biochar (DB) 
50  2600b-d   6367a-c 133 417 350 2817   1633c 
100  2117cd   6583a-c 133 383 300 2683   1617c 
150  2333b-d   6163
b-
d 137 374 327 2784   1560
c 
N fertility contrast --------------------------------------- P > F --------------------------------------- 
C vs. (N+D+DB) 0.1148 0.0003 0.0059 0.2686 0.5997 0.1829 0.0527 
N vs. D 0.4859 0.0009 0.0221 0.7749 0.1224 0.0730 0.0016 
N vs. DB 0.1035 0.0003 0.7337 0.0701 0.0004 0.0174 0.0002 
D vs. DB 0.0025 0.7586 0.0484 0.1246 0.2835 0.5320 0.5333 
 
Treatment N rate‡ Fe Cu Mn B Zn Al 
 - kg ha-1- -------------------------------------- mg kg-1 -------------------------------------- 
Control (C) 0  44ab 11  175ab 12 19 152 
Nutrient 
control (N) 
50 35cd 10  108bc 14 21 153 
100  40a-d 9  87c 13 17 140 
150      48a 10  79c 13 22 147 
Digestate 
(D)‡ 
50 43a-c 9 210a 10 17 143 
100      46a 8 217a 11 22 144 
150      46ab 10 189a 13 21 169 
Digestate + 
biochar (DB) 
50      40a-d 9  85c 12 20 148 
100      34d 10  72c 11 20 184 
150      37b-d 10  87c 12 22 155 
N fertility contrast -------------------------------------- P > F -------------------------------------- 
C vs. (N+D+DB) 0.3448 0.0190 0.1092 0.9079 0.3253 0.9302 
N vs. D 0.1147 0.2553 < .0001 0.0719 0.6914 0.7407 
N vs. DB 0.0967 0.8111 0.6919 0.0873 0.6000 0.2237 
D vs. DB 0.0019 0.3666 < .0001 0.9224 0.8988 0.3734 
†Mean with different letters are significantly different within in a column at a=0.05. 
‡N rate of digestate and digestate + biochar treatment was calculated based on total N of 
digestate and digestate + biochar; Granular urea (46-0-0) was used for the source of nutrient 




Figure 3.1 Relationships between N application rate and switchgrass N removal (A) and 




†Nitrogen removal was calculated by multiplying biomass yield by the corresponding 


























Figure 3.2 Ash concentration response to nitrogen application rate for urea, digestate, and 
digestate + biochar in switchgrass biomass (A) (●: urea, ■: digestate, and ▲: digestate + 
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GENESIS AND IDENTIFICATION OF OCTOPLOIDS GENERATED FROM 




Prairie cordgrass (Spartina pectinata Link) is a warm-season (C4) perennial grass that 
could be a potential candidate for studying polyploidization and its effects on environmental 
adaptability. Polyploidy plays an important role in prairie cordgrass’ adaptation and distribution 
on different eco-regions in the North American Prairie. However, the genetic backgrounds of 
polyploidy prairie cordgrass distributed in the different edaphic regions are different. Thus, in 
order to extend our knowledge of the effect of polyploidy on environmental adaptation, it is 
necessary to have diverse ploidy levels of plants with a similar genetic background. Tetraploid 
prairie cordgrass, IL-102 (2n=4x=40), was used as explant material to generate octoploids. 
Germinated seeds were treated with 0.00, 0.03, 0.06, 0.1, and 1% colchicine or 0.000, 0.002, 
0.003, 0.005, and 0.007% oryzalin solution with 0.5% dimethyl sulfoxide (DMSO) for 6, 12 or 
24 h. Ploidy levels of treated seedlings were determined by flow cytometric analysis and their 
putative ploidy were confirmed by the chromosome count. Our results show that stable octoploid 
plants (2n=8x=80) were obtained directly by treating with antimitotic agents or by propagating 
cytochimeric plants. Induced octoploid plants showed increased genome size and stomata size 
compared with tetraploid plants. By obtaining different cytotypes in the same genetic 
background, sole effects of ploidy variations on agronomic traits can be determined.  
2Reprinted, with permission, from Moon-Sub Lee, A. Lane Rayburn, and D.K. Lee (2016) Genesis and 






Prairie cordgrass (Spartina pectinata Link) is a warm season (C4) perennial grass that is 
native to the North American prairie (Hitchcock, 1951; Stubbendieck et al., 1997). Prairie 
cordgrass grows well under diverse edaphic conditions in tall grass prairies, especially in wet 
prairies (Montemayor et al., 2008; Skinner et al., 2009). Prairie cordgrass has attracted attention 
as a bioenergy feedstock because of high cellulose contents as well as high biomass yield 
(Cybulska et al., 2010; Kim et al., 2015; Guo et al., 2015). In some cases, biomass production of 
prairie cordgrass is higher than switchgrass (Boe and Lee, 2007), and shows a similar yield 
potential to high yielding switchgrass cultivars (Guo et al., 2015). Prairie cordgrass is a polyploid 
species composed of three major cytotypes: tetraploids (2n=4x=40), hexaploids (2n=6x=60), and 
octoploids (2n=8x=80) (Marchant, 1963; Reeder, 1977; Kim et al., 2010). The geographic 
distribution of prairie cordgrass in different edaphic environments appears to be associated with 
ploidy levels (Kim et al., 2012b). It is hypothesized that environment plays an important role in 
polyploidization of prairie cordgrass which might be essential for its wide range of adaptation 
across the North American prairie.  
Polyploidy is the increase in genome size as the result of obtaining more than two sets of 
chromosomes (Ramsey and Schemske, 1998; Otto, 2007). There are two mechanisms of 
polyploid formation. First, abnormal cell division, such as gametic non-reduction or meiotic 
nuclear restitution during micro and megasporogenesis, can result in the formation of unreduced 
gametes that have more than one set of chromosomes (De Wet, 1971; Ramsey and Schemske, 
1998; Comai, 2005). Second, polyploid cells are often found among diploid cells in vegetative 
tissues of most plants. These polyploid cells divide irregularly, resulting in the formation of 
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polyploid plant parts, which can reproduce and, therefore, form polyploid seeds (De Wet, 1971; 
Ramsey and Schemske, 1998).  
Polyploids can have an evolutionary advantage for adaptation to various environments 
(Stebbins, 1950 and 1971; De Wet, 1971; Otto and Whitton, 2000; Ramsey and Schemske, 2002; 
Madlung, 2013). First, gene redundancy protect polyploids from having recessive or deleterious 
effect of mutations (Otto and Whitton, 2000; Gu et al., 2003; Comai, 2005). Second, 
allopolyploids and heterozygous autopolyploids take advantage of heterosis, which enables 
offspring to show transgressive performance compared with their progenitor species (East, 1936; 
Birchler et al., 2010). Finally, duplicated genes can obtain new or slightly different functions, 
which helps to increase the organism’s adaptability of environmental changes (Long and 
Langley, 1993; Blanc and Wolfe, 2004; Adams and Wendel, 2005). In addition, as chromosome 
numbers increase, polyploid plants can show concomitant increases in cell size, which results in 
enlarged leaves and fruit (Stebbins, 1971; Levin, 1983; Acquaah, 2009). For example, tetraploid 
grapes and kiwifruit had increased fruit weight when compared to their diploid counterparts as a 
result of chromosome doubling (Olmo, 1952; Wu et al., 2012). Also, physiological traits changed 
by chromosome doubling can be associated with abiotic stress tolerance (Smith, 1946; Levin, 
1983; Ramsey and Schemske, 2002).  These variations are related to non-additive gene 
expression or epigenetic mechanism (Chen, 2007). In allotetraploids resynthesized from A. 
thaliana × A. arenosa, various genes, which are responsible for energy and metabolism including 
photosynthesis and starch pathways, were upregulated as compared to diploid progenitors and 
increased growth vigor was observed (Wang et al. 2006).  Increased drought tolerance, pest 
resistance, organ size and flowering time variation may give polyploids a chance to enter new 
niches (Chen, 2007).   
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Prairie cordgrass (Spartina pectinata) has several distinctive characteristics that make it a 
potential candidate for studying the effects of polyploidy on plant evolution and environmental 
adaptability. First, polyploidy has had significant influences on the evolution of the entire 
Spartina genus (Ainouche et al., 2004; Fortune et al., 2007). The allopolyploid S. anglica was 
generated by natural chromosome doubling of S. × townsendii. Spartina anglica is a new fertile 
allopolyploid species and a dynamic perennial plant that has been vigorously immigrating British 
coastal areas since its generation (Hubbard, 1969; Raybould et al., 1991). Second, prairie 
cordgrass has encountered a polyploidization resulting in the geographic separation between 
tetraploid and octoploid plants as we described earlier (Reeder, 1997; Kim et al., 2013). The 
tetraploid populations are distributed from the East North Central to the New England regions of 
the U.S., while octoploids are located in the West North Central region of the U.S. The 
separation would suggest the significance of ploidy levels (Reeder, 1997; Kim et al., 2013).  
Our recent finding of hexaploids shows an evidence of polyploidy benefits of prairie 
cordgrass on morphological changes and environmental adaptation. A mixed population of 
tetraploid and hexaploid cytotypes of prairie cordgrass was discovered alongside a stream bank 
in Illinois (Kim et al., 2012a). Substantial differences in plant morphological characteristics were 
observed between tetraploids and hexaploids in prairie cordgrass. Stomata size, mass per tiller, 
leaf length, and biomass were shown to increase significantly in the hexaploids as compared to 
the tetraploids, demonstrating that increasing ploidy level in prairie cordgrass results in 
morphological change and better performance (Kim et al., 2012a). Tetraploid and hexaploid 
cytotypes of prairie cordgrass in the mixed population would be expected to have a similar 
genetic background (Kim et al., 2012a; Kim et al., 2013). Thus, the co-location of tetraploids and 
hexaploids allow for evaluation of the effect of polyploidy as an example. Further examples are 
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needed to validate the effects of polyploidization on environmental adaption and abiotic stress 
tolerance of prairie cordgrass, such as tetraploids and octoploids. 
However, due to the geographical separation and the resulting reproductive isolation 
allowing for genetic divergence, it is difficult to compare the direct effects of ploidy variation 
(tetraploids vs. octoploids) because potential genetic variants would be a confounding variable in 
naturally occurring cytotypes. To determine the relationship between ploidy level and 
characteristics of interest to plant breeders such as plant phenotype, abiotic stress tolerance, etc. 
in prairie cordgrass, it is necessary to establish chromosome doubling of prairie cordgrass in the 
same adapted genetic background. Chromosome doubling of prairie cordgrass is a means to 
establish different ploidy levels with the same genetic background and evaluate them. In 
addition, with regard to breeding of prairie cordgrass, tetraploids originated from the Southern 
Midwest showed high biomass productions (Guo et al., 2015), while octoploids exhibited better 
tolerance to salinity than tetraploids (Anderson et al., 2015).  By creating a doubled tetraploid, 
crosses can be more easily made with octoploids from the West North Central region to 
incorporate beneficial traits such as salt tolerant line adapted to the Southern Midwest.  
Chromosome doubling is an effective method to induce polyploidy in plants and can be 
achieved by treating the plant tissue with heat or cold shock, or by applying antimitotic 
chemicals such as colchicine, Oryzalin, and trifluralin (Blakeslee, 1939; Lignowski and Scott, 
1972; Strachan and Hess, 1983). Antimitotic chemicals are predominantly used for inducing 
chromosome doubling in diverse plant species due to efficiency and reproducible results. In this 
study, our objective was to induce chromosome doubling of prairie cordgrass to determine sole 




MATERIALS AND METHODS 
 
Plant materials 
Seeds of IL102 prairie cordgrass (2n=4x=40), selected for high biomass production, was 
harvested from a nursery (38° 32’ N, 89° 01’W), and stored at 4°C prior to beginning of the 
experiment. Before treatment with antimitotic chemicals, seeds were sterilized in 6% commercial 
bleach for 30 min and then rinsed with distilled water three times. Sterilized seeds were placed 
on seed germination blotter paper (Anchor, St. Paul, MN, USA) immersed by 15 mL of distilled 
water in 10 cm Petri dishes. The Petri dishes were sealed with parafilm to prevent evaporation. 
Seeds in the Petri dishes were germinated in a programmed germination chamber (VWR 
International, Cornelius, OR, USA) at 15 °C dark/30 °C light with a 16 h photoperiod. 
Chromosome doubling 
The method of Eder and Chalyk (2002) was used for chromosome doubling, but with 
slight modifications. Germinated seeds were treated when their coleoptiles were between 0.2-
0.4mm long with different concentrations of colchicine or oryzalin: 0.00, 0.03, 0.06, 0.1, and 1% 
(vol./vol.) colchicine; 0.000, 0.002, 0.003, 0.005, and 0.007% (vol./vol.) oryzalin solution (St. 
Louis, MO, USA), each with 0.5% dimethyl sulfoxide (DMSO), for 6, 12, and 24 h. Nine 
replications with 24 germinated seeds for each replication were used for each of different 
concentrations of colchicine treatments, while three replications with 24 germinated seeds for 
each replication were conducted on each different concentrations of oryzalin treatments. All petri 
dishes were arranged in a completely randomized design.  
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Thereafter, the treated seeds were washed in tap water for 20 min. and planted in each 
cell (3.9 cm x 3.9 cm x 5.9 cm deep) of tray inserts, and the seedlings in the tray inserts were 
maintained in a greenhouse of the Plant Care Facility, the University of Illinois, Urbana, IL.  
Flow cytometric analysis 
Eight weeks after transplanting, when one or more secondary tillers were initiated, the 
main tiller of each plant was analyzed by flow cytometry to estimate genome size. Nuclear DNA 
content determination was conducted using a procedure slightly modified from Rayburn et al. 
(2005) and Kim et al. (2010). Briefly, 2.5 cm of fresh young stems from prairie cordgrass and 
maize were homogenized and placed in a 20-ml beaker containing 10 mL extraction buffer and 
200 µL 25% Triton X.  The extraction buffer was composed of 13% v/v hexylene glycol, 10 mM 
Tris-HCl, and 10 mM MgCl2. The nuclear DNA content of the maize was calibrated at 5.14 pg 
using sorghum (Pioneer hybrid 84G62, DuPont Pioneer, Johnston, IA, USA) with 1.74 pg/2C 
nuclei (Rayburn et al., 2009). The tissue was homogenized using a tissue grinder for 20 s at 4500 
rpm, and the samples were filtered through a 50 µm filter into a test tube and maintained on ice. 
Following filtration, samples were centrifuged for 20 min at 2000 rpm at 4 °C. The supernatant 
was removed, and nuclei were suspended in 300 µL of PI stain (3% w/w polyethylene glycol 
6000, 50 µg mL-1 PI, 180 units mL-1 RNase, 0.1% Triton X-100 in 4 mM citrate buffer). The 
solution was transferred to a 1.5-mL conical tube and incubated for 20 min at 37 °C. Following 
incubation, 300 µL of PI salt (3% PEG, 50 µg mL-1 PI, 0.1% Triton X-100 in 400 mM NaCl) 
was added to each sample. Samples were then briefly vortexed, placed on ice, and stored at 4 °C 
for at least 1 h. The analysis of relative DNA content was conducted with BD LSR flow 
cytometry (BD Biosciences, San Jose, CA, USA) in the Flow Cytometry Laboratory 
(Biotechnology Center, University of Illinois at Urbana-Champaign, USA). The excitation 
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wavelength was 488nm and a 695/40nm filter was used in the experiment. An average of 
approximately 30,000 nuclei per sample was analyzed. The relative DNA content was estimated 
using the relative fluorescence of the sample divided by the relative fluorescence of the standard.  
Propagation of putative octoploid plants 
From the initial screening of the main tiller, putative octoploid plants were detected 
(Table 4.1) and identified as RDM-A, B, C, D, E, and F. When these putative octoploid plants 
completed the first flush of tillering, the ploidy level of each tiller was identified through flow 
cytometry (Figure 4.2). Based on the ploidy level of tillers, individual tillers of octoploid plants 
were repropogated and the ploidy of new tillers coming from their vegetatively propagated 
material was confirmed. To separate octoploid tillers from mixed ploidy plants, each new tiller 
(Figure 4.2) was individually propagated based on estimated ploidy levels. After a second round 
propagation, the ploidy of new tillers coming from their base tiller was again determined using 
flow cytometry. 
Chromosome counts 
To confirm the ploidy level determined by flow cytometry, chromosome counting was 
conducted on root tip squash preparations according to Kim et al. (2010). Root tips (about 2 cm 
in length) were collected from tetraploid, octoploid or chimeric plants. The collected root tips 
were pretreated with 20 ml of 0.05% 8-hydroxyquinoline for 3 h and then fixed at room 
temperature for at least 24 h in a 3:1 ratio of ethanol to acetic acid.  The fixed root tips were 
rinsed in ddH2O, hydrolyzed in 5 N HCl for 45 min, and stained with Feulgen’s reagent for 2 h.  
The root tips were then rinsed again with ddH2O and soaked in an enzyme solution (0.2 g 
Cellulysin cellulase and 0.1 g Macerase pectinase in 10 ml of 10 mM EDTA) for 2 h.  Two drops 
of acetic acid were added to the root tips before squashing. A cover slide was placed over the 
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tissue and then squashed with thumb pressure. The cells were imaged with a microscope 
(Olympus BX61, Olympus Scientific Solutions Americas Corporation, Waltham, MA, USA) and 
recorded on camera (Olympus U-CMAD3).    
Measurement of stomata sizes  
To compare the cell sizes between tetraploids and newly generated octoploid plants, 
stomatal guard cell length was measured using the method of Nelson et al. (2002). Cyanoacrylate 
glue was applied to a beveled glass microscope slide. The leaf tissue was firmly pressed on the 
glue. After the glue had set, the tissue was removed and epidermal imprints were obtained from 
the plants. Slides were maintained in a cool dark space under low humidity until analyzed. Slides 
were viewed using an Olympus CK2 inverted microscope using the 40X objective. Pictures were 
obtained using the Olympus DP22 camera system. Ten stomata per leaf, three leaves per plant, 
and ten plants per cytotype were analyzed.  
Statistical analysis 
Statistical analysis was conducted on survival rate of all treatments and stomatal size 
data. PROC MIXED was used in survival rate of all treatments and multiple range tests (Tukey’s 
HDS) were performed on stomatal size using SAS 9.4 software (SAS institute Inc., Cary, NC, 
USA). The efficiency of chromosome doubling in prairie cordgrass was estimated with the 
method of Bouvier et al. (1994), where efficiency = % doubled chromosome plant × survival 
rate. The maximum efficiency was considered to be 100, which is, when all plants have a 








The survival rate of the treated seeds showed differences depending on antimitotic 
chemical concentration and exposure time. Survival under different colchicine treatments varied 
from 0% to 48% (Table 4.1).  Survival rate of colchicine treatments significantly decreased as 
exposure time (P=0.0078) and concentration (P<0.001) increased. The interaction between 
exposure time and concentration was also significant for all colchicine treatments (P<0.001). The 
highest lethality was recorded in 1% colchicine solution for 6, 12, and 24 h. Reduced survival 
rate was observed in oryzalin treatments ranging from 14% to 42%. Oryzalin concentration had a 
significant influence on survival rate (P=0.0013), but there was no statistical significance in 
exposure time and the interaction between exposure time and concentration.  
Flow cytometric analysis of the main tiller of each plant revealed tillers that were 
tetraploid, octoploid, and chimeras of tetraploid and octoploid were observed among treated 
plants.  The tillers were identified as RDM-A, B, C, D, E, and F. RDM-A, B, and E, were 
generated with colchicine treatment, while RDM-C, D, and F arose from oryzalin treatment 
(Table 4.2). Figure 4.1 shows representative flow histograms for each ploidy level. RDM-F 
continuously reproduced octoploid tillers.  Five treated plants (RDM-A, B, C, D, and E) showed 
different tillering patterns. RDM-A (Figure 4.2-A) and E produced a tetraploid tiller and 
octoploid tillers as the primary tiller and sequentially produced tetraploid/octoploid chimeric 
tillers and octoploid tillers as the tertiary and quaternary tillers but no additional tetraploid tillers 
were produced. RDM-B (Figure 4.2-B) produced octoploid tillers as the first generation and 
tetraploid/octoploid chimeric tillers in sequence. RDM-C and D continuously generated 
tetraploid tillers despite having an octoploid main tiller. 
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Octoploid tillers propagated from RDM-A, B and E continuously reproduced octoploid 
tillers. Also, in the case of RDM-B, tetraploid/octoploid chimeric tillers (T-1in Figure 3.2-A) 
continuously created octoploid tillers (Figure 4.2-B). The octoploid main tiller of both RDM-C 
and D did not reproduce any additional octoploid tillers. While tetraploid tillers from RDM-A 
(T-4 in Figure 4.2-A) and D reproduced tetraploid/octoploid chimeric tillers, tetraploid tillers 
obtained from RDM-C and D kept reproducing tetraploid tillers. After the second propagation, 
all plants (the third or higher generations) showed ploidy stability, and the change of ploidy level 
observed in the first year did not occur during 2015.  
Chromosome counts revealed that tetraploid and octoploid plants had 40 and 80 
chromosomes respectively, while both 40 and 80 chromosomes were observed in 
tetraploid/octoploid chimeric plants (Figure 4.3).  
Stomatal guard cell lengths showed significant differences (P<0.001) between ploidy 
levels (Table 4.2). Guard cell lengths in completely doubled octoploid plants and chimeric plants 
averaged 39 and 37 µm, respectively, while tetraploids had an average guard cell length of 32 
µm. The stomatal guard cell length of a complete octoploid plants was significantly larger than 
that of the tetraploids (Figure 4.4). No significant difference in guard cell length was observed 











The generation of polyploid plants through chromosome doubling has been used to create 
novel germplasm used as model plants to investigate the effect of polyploidy (Levy and 
Feldman, 2002). To evaluate the effect of polyploidy in prairie cordgrass, it is necessary to 
induce and establish ploidy levels in the same genetic population. In this study, we were able to 
generate octoploid prairie cordgrass plants using both colchicine and oryzalin. In general, as 
concentration and exposure time increased, decreased survival rate was observed in both 
colchicine and oryzalin treatments. High concentrations of antimitotic agents are related to plant 
cell death due to toxicity, which prevents spindle fiber development and changes the cell 
differentiation process (Elgsti and Dustin, 1955). Even though frequencies of doubled plants 
were low for both colchicine and oryzalin treatments, differences were observed. For example, 
with colchicine treatment, more chimeric plants were generated while oryzalin treatments 
generated either a completely doubled plant or plants returning to the original ploidy.    
For plant species which develop bisexual flowers, tillers or branches, cytochimeras can 
be useful for inducing chromosome doubled plants because some tillers or branches may 
generate from chromosome doubled cells (Wan et al., 1989). According to Kadota and Niimi 
(2002), chimeras can be separated by selection from vegetatively propagated axillary shoots. 
Tetraploid citrus were obtained from diploid-tetraploid cytochimeric plants after dechimerization 
(Aleza et al., 2009). Since prairie cordgrass can be propagated by rhizomes with tillers 
(Hitchcock, 1951; Stubbendieck et al., 1997), the dechimerization was possible and stable 
octoploid plants could be successfully obtained from the sectional cytochimera plants.  
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With regard to ploidy stability, 2nd sequential generation tillers were observed to vary in 
ploidy level. Reasons for these observations could be the following explanations: germinated 
seeds treated with antimitotic chemicals could induce chromosome doubling in a portion of 
meristematic tissue due to the asynchrony of cell divisions (Wan et al., 1989) or chromosome 
doubling agents do not penetrate into the entire meristem (Allum et al., 2007). Even though 
chromosome doubling was induced in a portion of meristematic tissues, the remaining portion of 
the tissues may be not influenced and maintain their ploidy level (Thao et al., 2003). Prairie 
cordgrass is a rhizomatous perennial grass, which generates new tillers from branching of the 
rhizome, a horizontal underground stem. The rhizomes continuously undergo growth 
development and generate new tillers throughout the growing season. Therefore, those rhizomes 
generated from partially doubled or chimeric tissues could generate tillers with various ploidy 
levels including 4x, 8x, and 4x/8x during each generation. This has also been described by Thao 
et al. (2003) to explain poor ploidy stability in chimeric Alocasia (2x+4x) after antimitotic 
treatments.       
Polyploids often possess novel traits, such as changes in flowering time, cell size, and 
biomass, and these modifications can be positively associated with chromosomal change 
(Müntzing, 1936). Stomatal guard cell length has been used as a parameter to determine ploidy 
level because increased cell size is related to an increased nuclear DNA content (Borrino and 
Powell, 1988). In our experiment, octoploid prairie cordgrass had longer guard cell than 
tetraploids. These results are similar to Kim et al. (2010) who reported that there is a positive 
correlation between stomata size and ploidy level in prairie cordgrass. No significant difference 
in stomatal size was observed between cytochimera and octoploid plants from the sectional 
cytochimera. Similar results were reported by Yahata et al. (2005) who reported that there was 
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no difference in stomata size among doubled haploid and cytochimeras (1x-2x and 2x-4x). 
According to Frost and Krug (1942), in plant leaves, the first germ layer is responsible for the 
formation of the epidermis and the second germ layer is associated with the formation of the 
internal leaf tissues such as the procambium and the vascular tissue. Thus, those cytochimera 
having octoploid guard cells might be associated with the octoploid level of layer I (Dermen and 
Henry, 1944; Nguyen et al., 2003).   
In this experiment, we were able to successfully induce chromosome-doubled prairie 
cordgrass by using antimitotic chemicals, colchicine and oryzalin. The concentrations of 
chemicals and treatment duration were important factors for successful induction of 
chromosome-doubled plants. We also found that two chemicals we used were different in terms 
of the stability of induced polyploidy showing colchicine treatment generated both complete 
octoploid and chimeric prairie cordgrass. These phenomena allowed us to propagate stable 
octoploid prairie cordgrass from chimeric plants. The octoploids obtained in this experiment 
produced seeds (Figure 4.5), and will be valuable for studying polyploidization, analyzing 
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TABLES AND FIGURES 
 
Table 4.1 Effect of colchicine and oryzalin treatments on survival rate of germinated seeds and 


























Colchicine 0  6 216 154 71.2 154 0 0 
  12 216 156 72.2 156 0 0 
  24 216 163 75.5 163 0 0 
 0.03  6 216 104 48.1 100 3 1 
  12 216 93 43.1 86 7 0 
  24 216 29 13.4 28 0 1 
 0.06  6 216 73 33.8 69 3 1 
  12 216 46 21.3 43 3 0 
  24 216 7 3.2 7 0 0 
 0.1  6 216 37 17.1 37 0 0 
  12 216 26 12.0 26 0 0 
  24 216 0 0 0 0 0 
 1 6 216 0 0 0 0 0 
  12 216 0 0 0 0 0 
  24 216 0 0 0 0 0 
Oryzalin 0   6 72 55 76.4 55 0 0 
  12 72 47 65.2 47 0 0 
  24 72 58 80.6 58 0 0 
 0.002  6 72 30 44.4 30 0 0 
  12 72 28 38.9 28 0 0 
  24 72 26 36.1 25 0 1 
 0.003  6 72 23 31.9 22 0 1 
  12 72 17 23.6 16 0 1 
  24 72 14 19.4 14 0 0 
 0.005  6 72 11 15.3 11 0 0 
  12 72 18 25.0 17 1 0 
  24 72 16 22.2 16 0 0 
 0.007  6 72 10 13.9 10 0 0 
  12 72 15 20.8 14 1 0 
  24 72 19 26.4 19 0 0 
1Survival rate recorded 8 wks after colchicine and oryzalin treatments 
2Cytochimeric plants in which normal (4x) and doubled (8x) cells were coexisted and were 








Table 4.2 Comparison of ploidy level and stomata size of tillers developed from octoploid 
(2n=8x=80) seedlings, which were resulted from either colchicine or oryzalin treatment.  
 
Treatment Line Ploidy level, (x=10) 
Stomata size, 
µM ± SD 
IL1021 4x 30.8 ± 1.8c5 
IL1022 4x 29.8 ± 2.2c 
Colchicine 
RDM-A-13 8x 36.1 ± 1.9b 
RDM-A-2 4x-8x 35.2 ± 2.0b 
RDM-B-1 8x 35.5 ± 3.0b 
RDM-B-2 4x-8x 34.8 ± 2.1c 
RDM-E-1 8x 36.0 ± 2.9b 
RDM-E-2 4x-8x 33.8 ± 2.5bc 
Oryzalin 
RDM-C-1 4x 30.6 ± 1.4c 
RDM-D-1 4x 30.8 ± 1.7c 
RDM-F-14 8x 40.3 ± 2.8a 
 
1Plant treated with water 
2Plant treated with colchicine and oryzalin treatments, but maintained the ploidy level. There was 
no difference in stomata size for both treatments and data was pooled 
3Plant with the same capital letter indicates the same plant: For example, RDM-A (8x) and 
RDM-A (4x-8x) were derived from the same sectional chytochimera plant 
4A completely doubled octoploid plant 














Figure 4.1 Flow histograms of prairie cordgrass somatic nuclei stained with PI. The bars 
represent the number of nucleis used to calculate the mean fluorescence of each peak. (A) G1 
somatic nuclei of a control tetraploid (4x) plant. (B) G1 somatic nuclei of a cytochimera (4x-8x) 
plant. (C) G1 somatic nuclei of octoploid (8x) plant. Peaks of G1-4x and G1-8x indicate the G1 
somatic nuclei of tetraploid and octoploid plants, respectively, and G1-maize indicates the G1 






Figure 4.2 Propagation schema of sectorial chimera (4x-8x/8x) of RDM-A (A) and RDM-B (B) 
 
RDM-A: T1, T2, T3, and T4 are generated from a main tiller; T1-1, T1-2, T4-1, T4-2, and T4-3 










Figure 4.2 (Cont.) 
 
RDM-B: T1, T2, and T3 are generated from a main tiller; T3-1, T3-2, T4-1, T4-2, T4-3, and T4-












Figure 4.3 Chromosome count of root tip cell. (A) Tetraploid control plant (2n=4x=40), (B) 
Induced octoploid plant (2n=8x=80), and Cells from the same cytochimeric plant, 2n=4x=40 (C) 











Figure 4.4 Stomata pictures of tetraploid (A), cytochimera (B) and octoploid prairie cordgrass 
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This dissertation has focused on warm-season grasses planted for bioenergy production, 
as well as on managing bioenergy production systems for optimal biomass yields and minimally 
negative environmental consequences. It is hoped that Chapters 2, 3, and 4 will contribute to 
optimizing bioenergy feedstocks for sustainable bioenergy production. In this Chapter, lessons 
learned and suggestion for future research are described. 
In Chapter 2, the biomass production potential of native warm-season grasses grown in 
monoculture and mixture systems was evaluated in the Midwestern U.S. The best commercially 
available native warm-season grass germplasm and experimental lines were tested to obtain a 
practical understanding of yield potential for native warm-season grasses with the experiment 
conducted across multiple locations. We found that M. × giganteus and switchgrass 
monocultures showed the highest yields across all treatments at all locations and there was no 
yield benefit of grass mixtures. Even though mixture systems did not improve the biomass yield 
potentials in this study, there might be benefits for selecting mixture systems. For instance, 
Mitchell et al. (2011) indicated mixture systems may be suitable for areas where ecosystem 
restoration and increased species diversity are main purposes.  
To expand on Chapter 2 findings in the future, it might be useful to examine the yields of 
grass monocultures and mixtures on marginal lands. Moreover, we could better understand grass 
species compatibility if we evaluate the composition of grass species in mixtures each year. 
Finally, increasing experimental plot sizes could minimize the invasion of unwanted species into 
each experimental unit.  
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In Chapter 3, the digestate and biochar-supplemented digestate contributed to increased 
switchgrass production without adversely affecting feedstock quality. Both the digestate and the 
biochar- supplemented digestate could be potential substitutes for chemical fertilizer. However, 
additional experimentation is required to confirm these results in field-scale plots. For instance, 
in this experiment, the rate of digestate and digestate plus biochar did not reach a plateau yield. 
In order to find the plateau, it will probably be necessary to expand the range of digestate and 
digestate plus biochar concentrations. Also, further testing is needed to determine if there are any 
negative effects on switchgrass productivity when digestate and digestate plus biochar 
concentrations are increased. In addition, in hindsight, we should have analyzed the chemical 
composition of switchgrass roots which would help our understanding of how much nitrogen is 
taken up or stored by root systems. Because this was a field-scale experiment, however, it was 
not possible to measure the chemical composition of whole switchgrass roots. Future research 
should analyze the nitrogen content of roots, which can be offer valuable information when 
evaluating the dynamics of nitrogen on perennial grass.    
In Chapter 4, to identify the ploidy effects and assist genetic improvement, synthetic 
octoploid prairie cordgrass was successfully generated using colchicine and oryzalin. To increase 
the efficiency of the induction rate, we tried several methods. First, a syringe was used to directly 
inject antimitotic agents into the meristematic tissue of a prairie cordgrass rhizome, but since the 
meristematic tissue was covered with hard protective layers, it was hard to insert a syringe needle 
into the tissue. Second, seeds were submerged into antimitotic agents, but this method required a 
lot of seeds due to low germination rates. Lastly, we submerged germinated seeds into 
antimitotic agents. Since the seeds had germinated, it was an easy method to use; we were able to 
reduce the number of seeds which had not germinated, but could also ensure that the seedlings 
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could be affected by antimitotic agents. The concentrations of chemicals and treatment duration 
were the principle factors in inducing chromosome-doubled plants. The two chemicals differed 
when inducing polyploidy; the colchicine treatment mostly induced chimeric (4/8x) prairie 
cordgrass while the oryzalin treatment generated both complete octoploid (8x) and chimeric 
(4/8x) prairie cordgrass. This phenomenon enabled the development of stable octoploid prairie 
cordgrass through methods of propagating chimeric prairie cordgrass.  
Several suggestions for future research with chromosome doubling of perennial grass 
species can be made. First, since perennial grasses can produce multiple tillers, it is important to 
keep track of the ploidy level of each tiller. This is because chromosome doubling may depend 
on how many buds are affected by the antimitotic chemicals or how antimitotic chemicals deeply 
penetrate buds. Thus, even though there was no ploidy change in a primary tiller, ploidy changes 
could occur in secondary tillers. Moreover, even though we could not determine the optimal 
concentration of oryzalin treatments for chromosome doubling of prairie cordgrass in this 
experiment, we produced baseline information on how to use oryzalin for chromosome doubling, 
and additional concentration rates and exposure times could be evaluated in future research. 
Additionally, while flow cytometry can effectively identify genome size, measuring stomata size 
could be also be used as an alternative method to screen difference between ploidy levels 
because of the positive relationship between genome size and stomata size when it is not possible 
to use flow cytometry. 
In conclusion, the results of thesis have increased our knowledge of the biomass 
production potential of native warm-season grasses in monocultures and mixtures in the Corn 
Belt as well as our understanding of digestate and the biochar amended digestate as alternative 
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nutrient sources. The information will help producers make decisions for optimizing warm-
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